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ABSTRACT OF THE DISSERTATION 
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Professor David Balota, Chair  
 
Mind-wandering (MW) is a universal cognitive process that is prevalent across individu-
als and in our everyday lives. It is estimated that over 95% of Americans experience MW every 
day and that ~30% of our everyday thoughts consist of MW. Despite its pervasiveness in our 
everyday lives, the nature of how MW interacts with other cognitive processes remains a scien-
tific blind spot. Two interrelated issues regarding the nature of MW in the context of healthy ag-
ing were addressed across five experiments. First, given the frequency of MW in our everyday 
lives, it is important to understand if it serves a functional role in cognition or is simply an epi-
phenomenon of other cognitive processes. Second, a robust yet paradoxical result in the literature 
has indicated that although both MW and aging are associated with decreased attentional control, 
older adults frequently report less MW than younger adults. The present dissertation tested the 
hypotheses that MW may facilitate memory (potentially via consolidation processes) and that 
age differences in the ability to reactivate episodic memories during MW may contribute to age-
related declines in episodic memory. 
To address these questions, both younger and older adults encoded paired associates, re-
ceived targeted reactivation cues during an interval filled with a low-demand “Shapes” task 
which promotes MW, and were tested on their memory for the cued and uncued stimuli from the 
 ix 
initial encoding task. Additionally, in each experiment, thought probes were presented during the 
Shapes task to examine participants’ thought contents. In Experiments 1 and 2, participants en-
coded picture-sound-word triads and audio cues were presented during the Shapes task. The re-
sults from the first two experiments indicated that younger but not older adults were faster to cor-
rectly recall cued stimuli as compared to uncued stimuli. In addition, the more an individual re-
ported episodic MW during the Shapes task, the larger cuing effect they produced at recall. Ex-
periment 3 decreased the complexity of the encoded stimuli, by having participants encode sim-
ple picture-word cues, and increased the salience of the cues by presenting picture cues in lieu of 
auditory cues. The results of Experiment 3 showed a robust cuing effect in correct recall re-
sponse latencies for both younger and older adults, but only a small effect in recall accuracy for 
older adults. In Experiment 4, the targeted memory reactivation cues were removed to directly 
examine if the presence of the cues in the previous experiments increased the likelihood of par-
ticipants reporting episodic MW during the Shapes task. Indeed, a comparison of participants’ 
thought probe responses across experiments indicated that this was the case for both younger and 
older adults. Finally, Experiment 5 tested whether these results would extend to a pair-binding 
recognition paradigm. The results showed a clear effect of cue on recognition response latencies, 
predominantly for younger adults, but not on accuracy.  
Overall, these results support the conclusion that reactivation of encoded information dur-
ing MW episodes may serve as a mechanism of memory consolidation. Furthermore, at least 
with the more subtle auditory cues, it appeared that older adults were less likely to successfully 
reactivate encoded information as compared to younger adults, and this may contribute to their 
decreased episodic memory. The results from these experiments were interpreted within a 
 x 
retrieval facilitation framework wherein the cues serve to reactivate the earlier traces, and this 
reactivation benefitted retrieval speed for cued items as compared to uncued items. 
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Introduction 
Mind-wandering (MW) was originally conceptualized as a central element of our “stream 
of consciousness” (James, 1892). The generic term MW includes many behaviors such as “day-
dreaming” (Giambra, 1979), “task-unrelated images and thought” (Giambra and Grodsky, 1989), 
“stimulus independent thought” (Teasdale et al., 1995), “incidental self-processing” (Gilbert et 
al., 2005), “inner speech” (Morin, 2009), and “spontaneous thought” (Christoff et al., 2011). The 
topic has drawn considerable attention from the fields of philosophy, psychology, and neurosci-
ence. As shown in Figure 1, the science of MW has gained considerable interest in the past two 
decades (Callard et al., 2013). One reason that MW research has gained such rapid traction is due 
to its ubiquity across individuals and in our everyday lives. For example, it is estimated that 
about 30% of our everyday thoughts consist of MW (Kane et al., 2007; Klinger & Cox, 1987) 
and 96% of American adults report experiencing daydreaming every day (Singer & McCraven, 
1961).  
 
Figure 1. Drawn from Callard et al. (2013). Changes in the frequency of citations across the ten 
years prior to 2013.  
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Although there is considerable interest in MW, the nature of how MW interacts with 
other cognitive processes remains a “scientific blind spot” (Gruberger et al., 2011). Several fun-
damental questions remain unanswered. The present dissertation focused on two interrelated is-
sues. First, given the prevalence of MW in our everyday lives, it is important to understand if it 
serves a functional role in cognition or is simply an epiphenomenon of other cognitive processes. 
Second, a robust yet paradoxical result in the literature has indicated that although both MW and 
aging are associated with decreased attentional control, older adults frequently report less MW 
than younger adults (see Maillet & Schacter, 2016, for review). Each of the issues is addressed in 
turn.  
Does MW Serve a Functional Role? 
Some researchers have suggested that MW may simply be a residual phenomenon result-
ing from other, more deliberate, cognitive processes such that MW is just a default mental state 
which does little to contribute to other cognitive functions (Wang et al., 2009). In contrast, others 
have suggested that it may serve a more functional role (see Mildner & Tamir, 2019). Specifi-
cally, given that the contents of MW include everything from the direct recapitulation of recent 
experiences to variations on past events and imagined future scenarios (Andrews-Hannah et al., 
2013; Klinger & Cox, 1987; Smallwood & Schooler, 2015; Wamsley, 2019), it has recently been 
proposed that such offline memory replay during MW may serve an important role in processes 
related to memory consolidation (Mildner & Tamir, 2019). This provocative hypothesis draws 
upon several interrelated areas of the literature including memory consolidation, wakeful rest, 




The interest in memory consolidation dates back to the 1900s when Muller and Pilzecker 
reported that interference (e.g., due to learning additional materials) occurring soon after learning 
had a more disruptive effect than interference occurring later in the retention interval. These re-
sults led Muller and Pilzecker (1900) to propose that memories may require some time for “trace 
hardening” or consolidation to better withstand interference. More recent definitions of consoli-
dation often refer to one of two types: cellular consolidation or systems consolidation (Wixted & 
Cai, 2014). Cellular consolidation takes place shortly after learning in order to stabilize the 
memory trace through a process that may involve structural changes in hippocampal neurons. 
Systems consolidation, on the other hand, refers to a more protracted process where memories 
gradually become independent of the hippocampus as they are transferred to diffuse neocortical 
regions through a process that involves neural replay. There is accumulating evidence that both 
forms of consolidation may unfold whenever the hippocampus is not currently engaged in encod-
ing new information. This includes, but is not limited to, sleep, a period of wakeful rest, and low-
demand awake states which are often accompanied by MW (Wixted & Cai, 2014).  
Sleep studies in recent years have shed some light on the process of systems consolida-
tion, which involves communication between the hippocampus and neocortex (Klinzing et al., 
2019). The potential mechanisms through which the hippocampus and neocortex communicate 
are not well understood, but one leading candidate is neural replay. The phenomenon of neural 
replay was initially observed in the hippocampal cells of rodents who slept after a period of 
learning. After the earlier discovery of hippocampal place cells, which seemed to fire only when 
the rat traversed a particular location in the environment (O’Keefe & Distrovsky, 1971), it was 
later discovered that cells that fired during learning tend to sequentially re-activate during post-
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encoding sleep (Wilson & McNaughton, 1994). It was hypothesized that this hippocampal replay 
of earlier experiences may be necessary for the reorganization of representations in the neocortex 
and thus critical for systems consolidation.  
In addition to the rodent literature, it appears that neural replay occurs in humans as well. 
Rasch et al. (2007) showed that cueing recently formed odor-associated memories via odor re-
exposure during sleep prompted hippocampal re-activation (as measured by fMRI) and resulted 
in less forgetting after sleep as compared to uncued and awake control groups. This result is con-
sistent with the notion that systems consolidation during sleep results from the reactivation of 
newly encoded hippocampal representations. Furthermore, other studies have shown that the de-
gree of overlapping reactivation during post-learning sleep is associated with post-sleep memory 
performance (Peigneugx et al., 2004) and that these processes occur relatively quickly after en-
coding (Takashima et al., 2009). These results support the hypothesis that shortly after a trace is 
formed, hippocampal long-term potentiation initiates trace stabilization, and neural replay in the 
hippocampus begins to reorganize the memory within the neocortex (Wixted & Cai, 2014).  
Most work on hippocampal replay has examined the phenomenon during sleep. However, 
offline states other than sleep may also promote consolidation. Indeed, accumulating evidence 
seems to suggest that consolidation may occur whenever the hippocampus is not currently en-
gaged in an encoding state, with sleep simply being one example of such a condition. One study 
in rodents by Karlsson and Frank (2009) provides some evidence for hippocampal replay during 
an offline awake state. Rats were exposed to two different environments and each environment 
was found to be associated with a different sequence of hippocampal place cell activity. Interest-
ingly, during pauses in awake activity Karlsson and Frank observed replay of sequential place 
cell activity for the other environment. These data suggest that the hippocampus exhibits replay 
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of recent experiences while in offline awake states and that the hippocampus may take advantage 
of such “downtime” to consolidate/replay recently learned information. Importantly, this study 
highlights the notion that consolidation processes may unfold whenever the hippocampus is not 
currently engaged in encoding new memories and is not necessarily a sleep-specific state 
(Buzsáki, 1989).  
To summarize, interdisciplinary research on memory consolidation suggests that it is a 
multifaceted process. At a minimum, consolidation appears to involve (1) reduced hippocampal 
dependence and trace stabilization via systems and cellular consolidation, (2) increased re-
sistance to interference, and (3) offline trace reactivation. Independent of the level of analysis, it 
appears that consolidation may preferentially unfold whenever the hippocampus is not encoding 
new information and that this process involves neural replay of recent experiences. Of course, 
the link to MW would seem apparent. Specifically, most would argue that, by definition, MW 
occurs primarily during offline states. In addition, because the majority of MW episodes consist 
of episodic content (Song & Wang, 2019), it may be the case that MW reflects spontaneous of-
fline replay and hence may serve as a functional contributor to consolidation. Although there is 
clearly broad interdisciplinary interest in consolidation, relatively few cognitive psychology ex-
periments have attempted to investigate consolidation in the context of a behavioral laboratory 
experiment, beyond sleep studies. Recently, however, the burgeoning field of wakeful rest has 
allowed for the experimental examination of consolidation-like processes in humans.  
Wakeful Rest 
Although many studies have shown the benefit of sleep on memory retention, the vast 
majority of these studies have compared sleep to an active awake condition, during which partic-
ipants watch videos (Lau et al., 2010), listen to music (Mednick et al., 2009), or are left to go 
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about their daily activities (Ellenbogen et. al, 2006). Critically, these active wake conditions fail 
to control for the potential benefit of simply “doing nothing” or performing a low-demand task 
during a period of quiet, wakeful rest (Wamsley, 2019). As noted, a growing body of literature 
suggests that short periods of unoccupied wakeful rest may facilitate memory (presumably due to 
consolidation processes) in a manner similar to that proposed to occur during sleep (Brokaw, et 
al., 2016; Craig et al., 2018; Dewar et al., 2012; Gottselig et al., 2004; Humiston & Wamsley, 
2018).  
As shown in Figure 2, the canonical wakeful rest paradigm consists of an encoding phase, 
an immediate retrieval phase, a wakeful rest or distractor phase, and a final delayed retrieval 
phase. The critical manipulation involves what occurs during the period after the immediate re-
trieval test, i.e., participants either undergo ~10 minutes of wakeful rest, where they rest alone in 
a quiet room without access to electronics or reading materials, or perform a simple distractor 
task, such as a passive listening task or visual search task (Dewar et al., 2012; Millar & Balota, in 
prep.). Finally, participants complete a delayed retrieval test. Results typically indicate that per-
formance following the wakeful rest period is better than performance following the distractor 
task (see Wamsley, 2019 for a review). Similar to the above-mentioned study by Karlsson and 
Frank (2009), it has been suggested that wakeful rest may reduce forgetting by affording an op-
portunity for memory consolidation processes (Dewar et al., 2009; Dewar et al., 2010; Dewar et 
al., 2012; Tambini et al., 2010; Wixted, 2004)1. The critical link to the present question regarding 
the functional role of MW is that the wakeful rest period, in which the participant is not given a 
 
1 One might argue that wakeful rest simply provides less interference than the distractor task. However, several 
pieces of literature have indicated that certain distractor tasks also allow for consolidation (see Varma et al., 2017 
and Varma et al., 2019).  
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task to direct attention, affords an excellent opportunity for MW. Hence, it is possible that MW 
may play a role in memory consolidation processes. 
 
Figure 2. Adapted from Wamsley (2019). Wakeful rest studies often follow the general 
experimental paradigm outlined here. After training on a memory task, participants either engage 
in one of two general categories of post-encoding conditions: active wake or wakeful rest. In 
active wake conditions, participants are engaged in activities like distractor tasks, watching 
videos, listening to music, or going about their daily activities. In quiet wakeful rest conditions, 
participants sit quietly and are not engaged in any overt sensory or motor activity.  
There are several studies suggesting that wakeful rest periods may reflect an opportunity 
for memory consolidation. Indeed, there are several pieces of evidence which provide support for 
this hypothesis. First, there is evidence indicating that neural reactivation in the hippocampus oc-
curs during wakeful rest (Ben-Yakov et al., 2012; Jedhav et al., 2012). Specifically, as men-
tioned, sequences of neuronal firing representing recently encoded information are reactivated in 
offline states in rodents, and it has been shown that blocking these reactivations has deleterious 
effects on memory (Jedhav et al., 2012). In humans, neuroimaging studies have demonstrated 
that patterns of hippocampal activity during encoding persist into post-learning periods of rest 
and that the degree of reactivation predicts subsequent memory performance (Ben-Yakov et al., 
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2012). Second, low-frequency EEG oscillations, which support consolidation during sleep, simi-
larly predict memory retention during wakeful rest (Brokaw et al., 2016). Interestingly, similar 
EEG signatures have also been found to be present during MW (Arnau et al., 2019). Third, re-
duced acetylcholine levels, which promote hippocampal-cortical communication dynamics that 
benefit consolidation, appear similarly during sleep and wakeful rest as compared to active 
wakeful states (Buzsáki, 1989; Hasselmo, 1999; Rasch et al., 2006; Wixted & Cai, 2014). Thus, 
there appears to be converging evidence that, like sleep, wakeful rest may benefit memory by 
promoting an offline state (which affords MW) and enabling consolidation processes such as of-
fline memory reactivation, low-frequency oscillations, and reduced acetylcholine levels 
(Wamsley, 2019; Wixted & Cai, 2014).  
The effect of wakeful rest on memory performance appears to be fairly robust such that 
the prototypical effect has been replicated using a variety of target stimuli including prose stories 
(Alber, et al., 2014; Brokaw et al., 2016; Dewar et al., 2012), word lists (Craig, et al., 2014; 
Dewar, et al., 2014, Experiment 2), Icelandic-English word pairs (Mercer, 2014), pronounceable 
nonwords (Dewar et al., 2014, Experiment 1), virtual maps (Craig, Dewar, Della Sala, & Wol-
bers, 2015), and photographs of everyday objects (Craig & Dewar, 2018). In addition, a wide va-
riety of distractor tasks have been employed, including spot-the-difference games, visual search, 
cued autobiographical recall, and passive listening. Thus, based on the published literature in this 
area, the beneficial effects of wakeful rest following encoding appear to be robust. 
Proponents of the wakeful rest literature also argue that this simple way to improve 
memory performance may be highly desirable and applicable in populations susceptible to 
memory decline such as older adults and amnestic patients. Indeed, Craig and colleagues (2016) 
demonstrated that wakeful rest exhibited beneficial effects on cognitive map accuracy for both 
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younger and older adults. In amnesic patients, Alber et al. (2014) compared 15 individuals with 
amnestic mild cognitive impairment to 15 age-and-education-matched controls. All participants 
learned 2 prose passages followed by either a wakeful rest period or a spot-the-difference distrac-
tor task. Their results indicated that both amnesic patients and healthy controls showed improved 
retention when wakeful rest followed encoding, compared to when the spot-the-difference task 
followed encoding (Alber et al., 2014). Together, these results suggest that using a simple wake-
ful rest protocol may serve to benefit memory retention not only in younger adults but also in 
populations vulnerable to memory decline including older adults and individuals with amnestic 
mild cognitive impairment (Alber et al., 2014; Craig et al., 2016). However, further work is nec-
essary to replicate these findings using criterion tests other than cognitive maps and prose pas-
sages (see Millar & Balota, in prep.).  
Although provocative, the wakeful rest literature is not without alternative interpretations. 
While it has been hypothesized that wakeful rest is an offline state that allows for spontaneous 
neuronal reactivation, reorganization, and strengthening of recent memory traces (Dewar et al., 
2014), it is also possible that wakeful rest paradigms simply afford an opportunity for individuals 
to intentionally rehearse recently learned information (Millar & Balota, in prep.; Wamsley, 
2019). Several arguments have been made against the rehearsal account. First, there is some evi-
dence that wakeful rest shows an equivalent benefit for “difficult-to-rehearse materials” (e.g., 
non-words, non-pronounceable words, non-English words; Dewar et al., 2014; Humiston & 
Wamsley, 2018), although the ease of rehearsal for these materials has recently been called into 
question (see Millar & Balota, in prep.). Second, many wakeful rest studies include post-experi-
ment questionnaires aimed at weeding out participants who may have anticipated or prepared for 
the final delayed memory test (Craig et al., 2014; Dewar et al., 2014). However, it is important to 
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note that the exclusion of these participants does not appear to change the benefits of wakeful 
rest and one may question the veracity of self-report information regarding rehearsal when these 
questionnaires are given after the experiment is conducted. Although it appears that wakeful rest 
researchers have attempted to account for potential rehearsal confounds, further methodological 
steps are necessary to determine more specifically which aspects of wakeful rest influence subse-
quent memory performance. Importantly, as noted earlier, wakeful rest periods appear to be an 
excellent context for MW to occur, which may afford an opportunity for memory reactivation. 
Hence, the relevant MW literature is reviewed next. 
Mind-Wandering 
As mentioned, one notable offline cognitive state which occurs during periods of reduced 
attentional demand is MW. MW is defined as “a shift of attention away from a primary task to-
ward internal information, such as memories” and predominantly occurs when participants are 
not fully focused on explicit goals, external tasks, or salient stimuli (Smallwood & Schooler, 
2006). MW is also often characterized by its relatively dynamic nature and unfolds in an unre-
stricted manner (Mildner & Tamir, 2019). This unconstrained nature has led researchers to study 
the contents of MW episodes. 
Song and Wang (2019) recently investigated the contents of MW episodes using experi-
ence-sampling methodology. First, a MW questionnaire was developed to assess the content and 
temporal orientation of participants’ MW episodes. After being trained on the terminology and 
procedure for completing the questionnaire, participants went about their daily lives and were 
randomly prompted several times per day to take the MW questionnaire over the course of three 
days. The results of their study indicated that ~30% of participants’ thoughts were classified as 
MW episodes, these predominantly occurred during periods of minimal external demand (e.g., 
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when participants reported they were not attending to their external surroundings, when they 
were not concentrating on a task at hand, and when they were doing poorly at a task or doing an 
unimportant task), similar to wakeful rest periods. Of the reported MW episodes, over 60% were 
classified as episodic in nature (the remaining 40% were classified as either inner speech, visual 
imagery, or other). Approximately 40% of the episodic MW content was future oriented, ~22% 
was past oriented, and the remaining 38% was either atemporal or oriented towards the present. 
These results provide evidence that the contents of MW are predominantly episodic in nature, 
occur in the absence of external demand or during low task engagement, and thus may be linked 
with spontaneous offline memory replay (Song & Wang, 2019). Although one might question 
the importance of MW for memory consolidation since a large portion of episodic MW events 
appear to be future oriented, it has become clear that future oriented thought engages very similar 
neural structures to past memories (see Szpunar et al., 2007 which shows the large overlap in re-
cruited regions).  
Given the hypothesis that MW may reflect offline memory replay during periods of low 
attentional demand, as noted above, researchers have recently proposed that MW may serve as a 
mechanism of consolidation in the context of wakeful rest experiments. In a particularly relevant 
study linking MW and wakeful rest, Brokaw and colleagues (2016) sought to characterize the 
mental activity during wakeful rest associated with memory benefits. Although, as reviewed 
above, there are numerous studies which demonstrate the benefit of post-learning sleep on 
memory, and emerging data from the wakeful rest literature suggests that other resting states 
may similarly benefit memory performance via consolidation-like mechanisms, it is unclear what 
specific processes are taking place during these offline intervals. To better characterize the cog-
nitive states under which wakeful rest benefits memory, Brokaw et al. (2016) conducted an EEG 
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wakeful rest study with younger adult participants. In this study, participants listened to a short 
story and were asked to immediately recall as many details as possible. Next, participants either 
rested with their eyes closed or performed a distractor task (the Snood video game) for 15 
minutes. After the retention interval ended, participants recorded any thoughts or imagery they 
could recall from the preceding interval, and rated the proportion of the 15 min interval that they 
had spent engaged in 14 predefined categories of mental activity, including “thinking about the 
past” (something else earlier today/yesterday to a week ago/past year or several years ago), “im-
agining the future” (later today/tomorrow to next week/next year or several years), “thinking 
about the short story”, “thinking about staying still”, “counting the time”, “mind was blank”, 
“meditating”, “sleeping”, “thinking about something else”, and “other”. Following the methods 
of Andrews-Hanna et al. (2010), participants recorded their responses by dividing a blank circle 
to reflect the proportional amount of time they had spent thinking about each topic. Finally, a de-
layed recall test was administered following the rest/distractor period. The results indicated that 
the wakeful rest period enhanced memory for the short story as compared to the distractor task. 
Importantly, improved memory was associated with (1) a specific slow-wave EEG signature as-
sociated with sleep and internal mentation and (2) increased MW as indicated by the post-reten-
tion interval questionnaire. Specifically, improved memory was associated with increased 
past/future oriented MW and thinking about the story during rest. The results of this study sug-
gest that wakeful rest may benefit memory via an active consolidation process supported by 
slow, oscillatory EEG activity and increased internal mentation (or MW) related to offline 
memory replay2. 
 
2 For further evidence linking slow, oscillatory EEG activity during wakefulness to memory consolidation see 
Wamsley and Summer (2020).  
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Brokaw and colleagues (2016) ultimately showed that memory performance was im-
proved following a period of wakeful rest associated with decreased attention to the external en-
vironment and increased MW. However, it is important to note several limitations of Brokaw et 
al. (2016). First, thought contents during the wakeful rest interval were assessed via a retrospec-
tive questionnaire rather than online thought probes which are critical to more accurately capture 
participants’ MW profile during the wakeful rest interval. Second, Brokaw et al. (2016) only in-
cluded younger adults in their study. Lastly, it is important to note that there is substantial varia-
bility across individuals’ MW contents during wakeful rest periods (see Brokaw et al., 2016; 
Varma et al., 2019). Given that offline memory replay is critical for memory consolidation, one 
might wonder whether thought contents during wakeful rest periods could be directly influenced 
to enhance memory reactivation and hence long-term memory performance. Indeed, the next sec-
tion focuses on a study which attempted to accomplish this goal.  
Targeted Memory Reactivation 
Oudiette and colleagues (2013) used auditory cues to covertly reactivate recently encoded 
memory traces. In their study, participants first learned object-location associations which were 
paired with characteristic object sounds (i.e., a picture of a cat in a specific grid position paired 
with the sound of a “meow”). To systematically bias this learning, a value number was superim-
posed on each object to indicate the potential future payoff for remembering its location. Next, 
participants were shown an object from encoding paired with the associated sound and asked to 
recall the grid location. Participants then underwent one of four between subjects post-encoding 
delay conditions: sleep, sleep with cues, low-demand task, or low-demand task with cues. In the 
low-demand working memory task, participants were shown random numbers between 1 and 9 
and asked to press a button if two consecutive numbers were even or odd. During the sleep with 
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cues and low-demand task with cues conditions, several pre-selected sounds from the encoding 
period were played while participants slept or performed the low-demand task. The goal of pre-
senting these auditory cues was to selectively reactivate the earlier paired memory traces and 
hence boost consolidation for a subset of the encoded object-location pairs. The results indicated 
that cued object-location pairs were recalled more accurately than uncued object-location pairs 
with similar effect sizes in the sleep and wakeful rest conditions, see Figure 3. The authors ar-
gued that this covert targeted reactivation of memories may aid in strengthening and stabilizing 
recently encoded information akin to the function of consolidation/replay processes that occur 
during sleep (Oudiette et al., 2013). Although this study has been cited over 150 times, it is lim-
ited by (1) the small sample size (N = 15) for each between participants condition, (2) the lack of 
thought probes during the awake conditions to directly attribute any benefits to offline memory 
replay, and, specifically given the goal of the current thesis, (3) the lack of an older adult sample 
to examine whether this targeted reactivation procedure may be useful for populations vulnerable 
to episodic memory decline. The next section focuses on the relevance of aging in the context of 
the present dissertation. 
 15 
 
Figure 3. Figures drawn from Oudiette et al. (2013) showing that participants’ memory declined 
more for low-value sounds than high-value sounds in both conditions. Presenting cues during 
sleep and wakefulness reduced forgetting of low-value items. 
Mind-Wandering and Aging 
As previously mentioned, one particularly interesting area of MW research is in the con-
text of cognitive aging. Given that both MW and aging are associated with poor attentional con-
trol (Jackson & Balota, 2012; Zacks & Hasher, 1994), one would a priori predict that older adults 
would report more MW than younger adults. However, in contrast to this prediction, there is ro-
bust evidence indicating that older adults report less MW than younger adults (Frank et al., 2015; 
Giambra, 1973; Jackson & Balota, 2012; Krawietz et al., 2012). In addition to declines in 
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attentional control, however, older adults also experience significant declines in episodic 
memory. Given that MW and episodic memory are similar in content, recruit overlapping neural 
regions, and both decline with age, it is possible that the episodic memory decline in older adults 
may in part reflect decreased MW.  
Few studies in the extant literature have explored the possible benefits of MW in the con-
text of aging and memory consolidation. Although the Brokaw et al. (2016) study described ear-
lier only included younger adults, a recent study by Varma, Takashima, Fu, and Kessels (2019) 
is particularly relevant here. They examined the relationship between MW propensity and epi-
sodic memory consolidation in older adults. Specifically, the authors were interested in whether 
a brief 9-minute post-encoding period of wakeful rest may serve to combat older adults’ declines 
in episodic memory and to what extent MW propensity may serve a role in this memory decline. 
In this study, older adult participants were first asked to study a list of picture-word pairs. Next, 
participants underwent a post-encoding delay period where they either performed a moderately 
demanding 2-back task or simply sat quietly in the testing room, assuming that MW would be 
more prevalent in the wakeful rest condition as compared to the 2-back condition. After the post-
encoding delay period, participants’ memory for the encoded picture-word pairs was tested using 
an old-new recognition memory test. Finally, participants completed a MW questionnaire which 
assessed daily life MW propensity (Imaginal Processes Inventory, MW subscale). The results in-
dicated that participants with greater MW propensity showed the largest benefit in memory per-
formance following the rest period compared to the 2-back period. The authors argued that the 
degree of episodic memory consolidation during the post-encoding wakeful rest period may de-
pend on individual differences in MW propensity such that MW may assist in episodic memory 
formation and consolidation similar to memory reactivation during sleep (Varma et al., 2019).  
 17 
Ultimately, both Brokaw and colleagues (2016) and Varma and colleagues (2019) 
demonstrated that improved memory following a period of wakeful rest is associated with de-
creased attention to the external environment and increased MW. Thus, it seems that MW may 
facilitate memory consolidation via mechanisms (possibly replay) similar to those that operate 
during sleep. Nevertheless, Brokaw et al. (2016) and Varma et al. (2019) are limited in several 
respects. First, neither study included both younger and older adults to compare memory perfor-
mance and MW to address the issue of age-related changes in consolidation. Second, neither 
study included online thought probes, as commonly done in the MW literature, to more precisely 
characterize participants’ thought contents during the wakeful rest and distractor intervals.  
Pilot Data: Examining the Relationship Between MW, Episodic Memory, Hippocampal, 
and Medial Temporal Lobe Volume 
In order to provide a preliminary examination of the potential link between MW and 
memory in the context of aging and shed some light on potential mechanisms, data available 
from a large, well-characterized cohort (N = 508) of healthy middle-aged to older adults (age 
range 42 to 95) from the Charles and Joanne Knight Alzheimer’s Disease Research Center were 
examined to answer several key questions. The key questions of these preliminary analyses were: 
(1) What is the relationship between MW propensity and memory performance? (2) Are both 
MW and memory correlated with similar neural structures? (3) Do these relationships hold after 
accounting for age? 
In these analyses, the relationships among MW propensity, episodic memory perfor-
mance, and brain volume in regions associated with memory and consolidation processes (spe-
cifically, the hippocampus and medial temporal lobe; MTL) were examined. First, if it is the case 
that MW benefits episodic memory through consolidation, then MW propensity should be 
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positively correlated with episodic memory performance, after covarying out the effects of age to 
test whether this relationship exists above and beyond age. Second, if consolidation mechanisms 
such as offline replay are carried out during MW episodes, then one would expect MW propen-
sity to be positively correlated with the volume of brain regions which contribute to episodic 
memory and consolidation such as the hippocampus and MTL.  
MW propensity was operationalized as the percent of tune outs reported during a version 
of the Sustained Attention to Response Task (SART) used by Jackson and Balota (2012). The 
SART is a simple Go/No-Go task and is one of the most studied tasks in the MW literature. In 
the SART, participants were presented with single digits 1–9 with the number 3 identified as a 
target (No-Go) stimulus to which they should withhold their response. If any other digit (Go 
stimulus) appeared, participants were required to press the spacebar. The task consisted of 125 
trials and lasted approximately 5 minutes. Targets were presented on 11.1% of the trials. 
Throughout the task, 5 thought probes appeared in a random fashion. On probe trials, partici-
pants saw the following instructions: “Please choose the one option below which best describes 
your experience with the task just now.” They then indicated their response by pressing the num-
ber key corresponding to one of the following categories: 1) I was thinking about the task; 2) My 
mind was blank (space outs); 3) My mind drifted to things other than the task, but I wasn’t aware 
of it until you asked me (zone outs); 4) While doing the task I was aware that thoughts about 
other things popped into my head (tune outs). Tune outs are the most frequently reported form of 
MW, occurring ~20% of the time, whereas zone outs are reported ~7% of the time and space 
outs reported only ~3% of the time (and the remaining ~70% of thought reports being on task). 
Episodic memory ability was operationalized as a highly reliable episodic memory composite 
score (Aschenbrenner et al., 2015), including the standardized measures from the total number of 
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items correctly recalled from the three free recall trials of the Selective Reminding Test (Grober, 
et al., 1988), a weighted sum of the easy and hard trials from the associate learning subtest of the 
Wechsler Memory Scale (Wechsler & Stone, 1973), and the number of correctly recalled units 
from the Logical Memory Delayed Recall Task (Wechsler, 1997).  
Hippocampal and MTL regional volumes were available for these participants based on 
Freesurfer software (Desikan et al., 2006; Fischl, van der Kouwe et al., 2004). During pro-
cessing, each voxel was assigned a neuroanatomical label based on probabilistic information de-
rived from a manually labeled training set, which included healthy adults across a wide age spec-
trum. Volumes were summed across hemispheres. Total intracranial volume (ICV) was used to 
adjust regional volumes for brain size differences via a formula based on the analysis of covari-
ance approach: Adjusted volume = raw volume − (b × (ICV − mean ICV)), where b is the slope 
of the regression of the ROI volume on ICV (see Raz et al., 2008). This approach has been fre-
quently employed to correct for intracranial volume in the investigation of regional volumes 
(e.g., Head et al., 2008). Adjusted regional volume was used as the dependent variable.  
First, the relationship between MW propensity and episodic memory was examined. 
Given that it is well established that both MW propensity and episodic memory decline with in-
creasing age, and that MW may be tied to consolidation abilities, one would predict that there 
should be a positive relationship between MW propensity and episodic memory such that in-
creased MW propensity would aid in consolidating memories. Indeed, the percent of tune outs 
reported during the SART and the episodic memory composite score produced a small but relia-
ble correlation, r(506) = .14, p = .01. Critically, this is not solely due to an effect of age, although 
it is known that older adults show declines in MW propensity and episodic memory, since this 
relationship was maintained even after controlling for age, r(505) = .135, p = .01. Next, the 
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relationship between MW and neural structures associated with episodic memory and memory 
consolidation, namely the hippocampus and MTL, was examined. These analyses were com-
prised of individuals who had volumetric scans taken within three years of the MW assessments. 
Again, if MW propensity serves as an indicator of the efficacy of consolidation processes hap-
pening during periods of low demand, then one would expect a positive relationship between 
MW and hippocampal and MTL volume. This hypothesis was confirmed such that greater hippo-
campal, r(506) = .18, p < .0001, and MTL, r(506) = .12, p = .0004, volumes were associated 
with increased MW propensity. Furthermore, these relationships persisted (albeit reduced) after 
covarying out age, see Table 13. 
  
 
3 The possibility of an Age X MW interaction was also tested in predicting episodic memory performance, 
hippocampal volume, and MTL volume. This interaction failed to reach significance in these models, ps > .14.  
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  Zero-Order Correlation 
Variable 1 2 3 4 
1. Age ---     
 ---    
2. % MW -.19***    
  [-.27, -.10]    
3. Episodic Memory Composite -.064 .14*   
  [-.17, -.05] [.03, .25]   
4. Adjusted Hippocampal Volume -.54*** .18*** .05  
  [-.58, -.49] [.11, .24] [-.07, .17]  
5. Medial Temporal Lobe Volume -.29*** .12*** -.15* .43*** 
  [-.35, -.23] [.05, .19] [-.26, -.03] [.32, .52] 
  Partial Correlation 
Variable 1 2 3 4 
1. Age --- ---    
 --- ---   
2. % MW --- ---   
  --- ---   
3. Episodic Memory Composite --- .14*   
  --- [.03, .24]   
4. Adjusted Hippocampal Volume --- .09** .08  
  --- [.03, .16] [-.04, .20]  
5. Medial Temporal Lobe Volume --- .07* -.14* .41*** 
  --- [.003, .14] [-.25, -.02] [.35, .46] 
Table 1. Zero-order and partial correlations amongst MW propensity, episodic memory perfor-
mance, adjusted hippocampal volume, and MTL volume. * indicates p < .05, ** indicates p < 
.01, and *** indicates p < .001. 
These preliminary analyses indicated that there was a small but reliable relationship be-
tween MW and episodic memory in the predicted direction such that increased MW propensity 
was associated with better episodic memory ability and greater hippocampal and MTL volume, 
regions which are associated with both episodic memory and consolidation. Although it is clear 
that experimental manipulations including both age groups and online thought probes are neces-
sary to fully determine the role of MW in memory reactivation, this pilot data analysis serves as 
 
4 See Harrington et al. (in press.) for information regarding the weak relationship between age and the episodic 
memory composite score. 
 22 
an initial proof of concept of such a relationship between MW and episodic memory in the con-
text of aging.  
The Current Study 
The literature reviewed indicates that (1) memory consolidation can take place in offline 
states such as wakeful rest (Wamsley, 2019), (2) wakeful rest, which affords an opportunity for 
MW, is associated with improved episodic memory (Brokaw et al., 2016; Varma et al., 2019), 
(3) compared to younger adults, older adults show declines in episodic memory performance and 
report less MW, and (4) covert memory reactivation, via cueing, during offline states appears to 
promote consolidation (Oudiette et al., 2013; Rasch et al., 2007). Given these observations, the 
present dissertation aimed to investigate whether MW may serve as a mechanism of memory 
consolidation by examining the relation between MW and episodic memory. Importantly, this 
dissertation also explored the possibility that decreased MW in older adults, compared to 
younger adults, may contribute to their decreased episodic memory.  
In pursuit of these goals, the experimental design of the current set of studies addressed 
several critical methodological issues in the literature. First, no study to date has included both 
younger and older adults to better characterize the relationships among age, MW, and memory 
consolidation. Second, studies in the wakeful rest literature have avoided the use of online 
thought probes (presumably to avoid interrupting participants’ wakeful rest) which are critical 
for better understanding participants’ thought contents during the passive retention intervals. 
Third, there have not been any targeted memory reactivation studies which have compared 
younger and older adults, nor have there been any studies that have directly assessed the effect of 
memory cues on younger and older participants’ ongoing thought contents. Fourth, no studies to 
date have investigated the influence of targeted memory reactivation on cued recall response 
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latencies. As described below, the addition of a response latency measure was particularly im-
portant in this series of studies. 
The present dissertation attempted to fill these gaps by examining younger and older 
adults’ MW contents during a wakeful rest period in which cues are presented to reactivate re-
cently encoded memory traces. This dissertation examined the relationship between the fre-
quency/contents of participants’ MW and episodic memory retention for stimuli that were cued, 
as compared to not cued, during a wakeful rest period that affords MW. The main hypothesis 
tested here was that younger adults would report more MW and perform better on an episodic 
memory task than older adults, and that younger adults would show a greater benefit at retrieval 
from the targeted memory reactivation cues than older adults due to the younger adults’ in-
creased MW propensity. Specifically, because older adults are less likely to MW, they may be 
more on task and less influenced by targeted memory reactivation cues. 
The present series of experiments addressed these issues by using a modified version of 
the Oudiette et al. (2019) paradigm, as shown in Figure 4. In each experiment, both younger and 
older adults a) encoded paired associates, b) received targeted reactivation cues during a post-
encoding retention interval filled with a low-demand “Shapes” task which has been shown to en-
courage MW, and c) were tested on their memory for the cued and uncued stimuli from the ini-
tial encoding task. Additionally, in each experiment, thought probes were presented during the 
Shapes task to examine participants’ thought contents. During Experiment 1, the paired associ-
ates were incidentally encoded, and auditory cues were presented during the Shapes task. Be-
cause of the relatively small cuing effects observed in Experiment 1, an attempt was made across 
experiments to increase the salience of the cued information to increase sensitivity to the cues. In 
the second experiment, as in Oudiette et al. (2019), participants were incentivized via monetary 
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rewards based on their memory performance. In Experiment 3, the salience of the targeted 
memory reactivation cues was further increased by presenting picture cues instead of auditory 
cues in an attempt to produce a more robust cueing effect. In Experiment 4, the targeted memory 
reactivation cues during the Shapes task were removed to directly examine the potential influ-
ence of the cues during the Shapes task on participants’ thought contents by comparing thought 
probe responses in Experiment 4 with those reported in Experiment 1. Finally, in Experiment 5, 
we tested whether the effects found in Experiment 3 would transfer to a pair-binding recognition 
paradigm.  
 
Figure 4. General experimental design. Variable interval in the Shapes task was 3-42 seconds.  
Experiment 1 
Experiment 1 included younger and older adult participants who performed several ex-
perimental tasks, as shown in Figure 4. The incidental encoding task involved participants gener-
ating an imaginative association between an adjective and an unrelated picture of an object and 
then rating the vividness of their imagined association. Critically, each adjective-picture pair was 
accompanied by the sound of the object in the picture (e.g., cow and “moo”, cat and “meow”, 
lips and “kiss”, etc.). Following encoding, participants performed the low-demand Shapes task to 
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induce MW (see O’Callaghan et al., 2015). During this period, auditory cues (e.g., “moo”, 
“meow”, “kiss”, …) were intermittently presented for half of the encoded stimuli. The goal of 
these auditory cues was to trigger reactivation of the corresponding encoded picture-word stimuli 
from earlier in the experiment. Additionally, during the Shapes task, participants responded to 
pseudorandomly presented thought probes to ascertain the contents of their thoughts. Finally, 
participants received a cued recall test at the end of the experiment. The cued recall test included 
a picture accompanied by the corresponding object sound from encoding which was the cue to 
recall the word that was paired with this object (and its associated sound) during encoding. The 
prediction is that if the sound cues during the Shapes task reinstate the encoded picture-word pair 
information, then participants should be faster and more accurate to retrieve the associated adjec-
tive for the stimuli that were cued during the Shapes task as compared to those that were not 
cued. This procedure allowed for the examination of (1) the efficacy of targeted memory reacti-
vation cues during a task wherein participants were likely to MW, (2) potential age differences in 
sensitivity to these targeted memory reactivation cues, and (3) the relationship between partici-
pants’ thought contents, cueing effects, and overall episodic memory performance in younger 
and older adults. 
If MW propensity and content reflect the spontaneous reactivation of recently encoded 
information during offline states, then individuals with higher MW propensity (i.e., younger 
adults) should show better memory performance for cued stimuli because their increased MW 
propensity may serve as an offline memory consolidation mechanism and therefore facilitate 
subsequent memory retrieval for the items which were cued. Because older adults are more 
likely to stay on task and less likely to have their minds wander, they should also be less likely to 
benefit from cued stimuli compared to the younger adults. 
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It should be noted that response latencies to generate the paired word during the cued re-
call task were measured in the present study. This was not done in Oudiette et al. (2013) who 
measured memory performance via a “memory change score” which was computed as the differ-
ence in the distance (cm) between participants’ response and the original encoding location on a 
spatial grid. Although Oudiette et al. (2013) reported a significant cueing effect in this memory 
change score, there was no effect of cue status on the overall number of correct responses. It is 
possible that the cues presented during the Shapes task may not produce an effect on overall re-
call performance but may facilitate a more continuous measure such as retrieval speed. There-
fore, in the present study, during the final cued recall task, participants were encouraged to re-
spond as quickly and as accurately as possible in producing the paired word.  
Method 
Participants 
Participants across all studies were tested online and recruited using Prolific (prolific.co) 
and compensated at a rate of $6.50/hour. Inclusion criteria for all studies included native Eng-
lish-speaking ability, normal or corrected-to-normal vision, and normal hearing. Participants 
were not allowed to participate in more than one of the present studies. All experiments and pro-
cedures were approved by the Washington University in St. Louis Institutional Review Board. 
Sixty younger and 60 older adults met inclusion criteria and were recruited to participate 
in Experiment 1; however, two older adults failed to respond to any of the thought probes. Given 
the possibility that these participants either did not understand the instructions or were not en-
gaged in the task, these two older adults were removed before analysis. The data from four older 
adult participants were replaced because they reported writing information down during the ex-
periment. Therefore, the analyses reported include 60 younger adults and 58 older adults. The 
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age range of the younger adult participants was 18-30 years old and the age range of the older 
adult participants was 62-89 years old. As shown in Table 2, younger adults scored marginally 
higher on the Wechsler Memory Scale (WMS; Wechsler & Stone, 1973) than older adults.  
Experiment Age Group N Age (Years) WMS Acc. (%) t p 
Experiment 1 
Younger 60 22.72 74.83 
1.76 .08 
Older 58 69.75 67.46 
Table 2. Demographic information.  
Materials 
Stimuli consisted of a set of 52 picture-sound-word triads. Pictures and sounds were 
drawn from Oudiette et al. (2013) and words were drawn from Varma et al. (2019). Pictures 
were of everyday, concrete objects. Each picture was accompanied by a characteristic sound 
(e.g., dog and “woof”, bell and “clang”). The word stimuli consisted of adjectives that ranged 
from three to nine letters in length (M = 6.06 letters) and ranged in subtitle word frequency 
(SUBTL frequency norms, a word frequency measure based on American English television and 
film subtitles; Brysbaert & New, 2009) from 0.22 to 545.18 (M = 49.12). To ensure that the pic-
ture-word pairs were unrelated, the triads were pseudorandomly combined such that pairs with 
any obvious pre-existing association were re-paired until all adjectives were paired with an ob-
ject/sound which did not have any clear relationship. For counterbalancing purposes, the 52 tri-
ads were rotated through two different lists (i.e., cued and uncued) such that half of the triads 
were cued for a given participant and half were uncued and that across participants each pair oc-
curred equally in the cued and uncued conditions.  
The experimental programs were written in PsychoPy (Pierce et al., 2019) and hosted on 
Pavlovia (pavlovia.org). Manual responses were made using participants’ keyboards. Participants 
were required to complete the experiment on a desktop or laptop computer. If a participant 
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attempted to begin the experiment on a mobile device, tablet, or other device, the program would 
error out and send the participant back to the Prolific study screen.  
Procedure 
Before beginning the experiment, participants received an auditory check to confirm that 
the sound was working and that he or she could adequately hear and comprehend auditorily pre-
sented sounds/instructions. During the auditory check, the participants were first visually pre-
sented the following instructions: “This is an audio check. Please follow the instructions being 
presented auditorily. If you cannot hear the audio check, you will not be able to complete this ex-
periment. Please close the tab.” Participants then received auditory instructions stating: “This is 
an audio check. Please take a moment to adjust the volume to a comfortable setting. Once the ex-
periment begins, please refrain from adjusting the volume. This is critical for the experiment. If 
you can hear this message at a comfortable volume, please press the ‘Q’ key on your keyboard to 
move on.” These instructions repeated (up to three times) until the participant responded with the 
correct key response (pressing Q). If the participant pressed Q, the experiment would commence. 
If the participant did not press Q before the auditory instructions had repeated three times, the 
experiment would end.  
As described earlier and shown in Figure 4, each participant performed three tasks during 
the experiment. First, participants performed an encoding task. During each encoding trial, par-
ticipants were asked to create an imaginative association between the word (e.g., “colorful”) and 
the picture-sound pair (e.g., a picture of a cow paired with the sound of a “moo”). The word was 
presented on the screen for a fixed duration of 1000 ms before the picture and sound were pre-
sented along with the word for a fixed duration of 4000 ms. Each sound was 1000 ms in length 
and each sound was played three times in a row to ensure encoding. Thus, the sound played for 
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3000 ms. Then, participants were asked to rate the vividness of their imagined association on a 
scale of 1-5 using the keyboard within the next 5000 ms. After 5000 ms had elapsed, the next 
trial began with a fixation cross displayed for 500 ms. This was kept constant regardless of when 
participants responded. In order to ensure sufficient encoding, the encoding list was presented 
twice.  
Next, participants performed a modified version of the Shapes task adapted from O’Cal-
laghan et al. (2015) to examine MW. Participants were presented with instructions that read: 
“This portion of the study is looking at relaxation. Please look at the computer screen and try to 
relax with your eyes open while attending to the shapes.” This screen was displayed until partici-
pants pressed the spacebar to advance. Participants were then informed about the thought probes 
with the following instructions: “Throughout this task, you will also be asked about your 
thoughts. You will see the following: What were you thinking about immediately before this 
screen? (1) The previous task (thinking about the pictures, sounds, and words), (2) The current 
task (thinking about the shapes), (3) Unrelated to the experiment (thinking about something not 
related to the experiment). Please press the number key which corresponds with your response 
(1, 2, or 3). Press SPACE when you are ready to begin this task.” This screen was presented until 
participants pressed the spacebar to continue with the experiment. Participants were given up to 
10,000 ms to respond to each thought probe. In addition to the thought probes, auditory sound 
cues were played pseudorandomly throughout the duration of the Shapes task. Similar to encod-
ing, the auditory cues were played for a duration of 3000 ms such that each 1000 ms sound was 
repeated three times consecutively. Specifically, thought probes and auditory cues were pre-
sented in a pseudorandomized order such that thought probes were presented a minimum of 6 
seconds, a maximum of 42 seconds, and on average 24 seconds between each other. Auditory 
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cues were presented a minimum of 6 seconds, a maximum of 45 seconds, and on average 20 sec-
onds between one another. Thought probes and auditory cues were spaced a minimum of 3 sec-
onds, a maximum of 36 seconds, and on average 10.94 seconds between one another5. The modi-
fied Shapes task lasted for approximately 10 minutes. During this time, 26 cues (i.e., half of the 
sounds from encoding) were played and 20 thought probes were presented. 
After the Shapes task, participants performed a speeded cued recall task of the initially 
encoded picture/sound adjective pairs. Participants were presented with instructions that read: 
“You will be presented with a sound and picture from earlier in the experiment. Please recall the 
WORD that was paired with the sound and picture from earlier in the experiment. Please type 
your response using the keyboard and press ENTER after you are done to move on. Please do 
this as quickly and accurately as possible. Press SPACE when you are ready to begin this task.” 
This screen was presented until participants pressed the spacebar to advance. On each recall trial, 
participants were presented with a picture-sound pair from encoding (i.e., cow and “moo”) and 
asked to type the word that was presented with the picture-sound during encoding (i.e., “color-
ful”). After typing their response and pressing the return key or 10,000 ms expired, whichever 
came first, the next trial began with a fixation cross displayed for 500 ms6. 
After the cued recall task, participants performed the WMS Paired Associates Task and 
then answered several questions about their experience during the experiment. During the WMS 
Paired Associates Task, participants were shown 10 word pairs at a rate of 3000 ms per pair. Par-
ticipants were asked to recall as many of the associates as possible. On each recall trial, 
 
5 The question of whether the proximity of cues to probes influenced participants’ thought probe reports is explored 
in the General Discussion section.  
6 To confirm that participants’ spelling did not influence the findings, an analysis was conducted on the data for 
Experiments 1 and 2 which used a strict spelling correction. This did not change any of the results reported in either 
experiment. 
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participants were presented with an associate from the WMS encoding and asked to type the 
word that was presented with the associate during encoding. After typing their response or 
10,000 ms expired, whichever came first, the next trial began with a fixation cross displayed for 
500 ms. 
After the WMS, all participants completed a short questionnaire. Participants were asked 
three yes/no questions: (1) “Did you try to remember the pictures and words that were paired 
with the sounds when the sounds were played during the shapes task?”, (2) “Were there any dis-
tractions in your environment (i.e., other tabs open, music playing, TV or other people speaking 
in the room)?”, and (3) “Please be honest: did you write anything down (i.e., for the memory 
tasks) during this experiment? Your response will not affect your compensation.” These data are 
provided in Appendix B. 
Older adult participants were also asked several questions about their hearing. These 
questions included: (1) “Do you wear a hearing aid?” (Yes / No), (2) “On a scale from 1-5, how 
much trouble do you have hearing during conversations?” with 1 being “No Trouble At All” and 
5 being “A Lot Of Trouble”, (3) “Do you require subtitles to watch TV?” (Yes / No), and (4) 
“On a scale from 1-5, how well could you identify each of the sounds as they were presented?” 
with 1 being “Could NOT Identify Any” and 5 being “Could Identify ALL.” These data are pro-
vided in Appendix C.  
Results 
For all results reported, statistical significance was set at p < .05, two-tailed test, unless 
otherwise noted. Effect sizes of eta squared (η2, Olejnik & Algina, 2003) are reported for signifi-
cant F tests and Cohen’s d (d, Cohen, 1988) for significant t-tests. Adjusted degrees of freedom 
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are reported such that unequal variances were assumed and the Welsh approximation was ap-
plied.  
Response latencies were defined by the initial key press after the picture object was pre-
sented during cued recall. Any response times less than three standard deviations below or 
greater than three standard deviations above the individual’s mean response time were removed. 
This trimming procedure eliminated 1.54% of trials for younger adults and 1.42% of trials for 
older adults in Experiment 1. After this trimming procedure, general slowing was corrected for 
by z-scoring response times within each participant based on that participant’s mean and stand-
ard deviation. This transformation controls for age-related differences in response time and vari-
ability (see Faust, Balota, Spieler, & Ferraro, 1999), and allows one to examine effects of a vari-
able (in this case, cueing) on response times above and beyond scaling differences. 
First, analyses on recall accuracy are presented to examine if cued stimuli were more ac-
curately recalled, compared to uncued stimuli. Second, correct recall standardized response time 
results are presented to examine if cued stimuli benefited as compared to uncued stimuli in par-
ticipants’ correct retrieval latencies7. For both accuracy and standardized response times, as men-
tioned earlier, it was hypothesized that if reductions in MW propensity with age are associated 
with age-related declines in episodic memory, then younger, but not older, adults should show a 
recall benefit for cued stimuli as compared to uncued stimuli since older adults are less likely to 
engage in MW episodes that are important for memory consolidation processes. Finally, the fre-
quency of thought probe responses and their relationship to episodic memory performance was 
examined to test the hypothesis that participants’ mental states during the Shapes task would pre-
dict memory performance.  
 
7 Raw, mean response latencies as a function of Age Group, Cue, and Experiment are presented in Appendix A.  
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Recall Accuracy. Percent correct recall accuracy as a function of Age Group and Cue are 
displayed in Figure 5. Overall, younger adults correctly recalled more words than older adults; 
however, cued stimuli were not recalled better than uncued stimuli. These patterns were con-
firmed by a two-way Age Group (young, old) by Cue (uncued, cued) mixed-factor analysis of 
variance (ANOVA) which yielded a main effect of Age Group, F(1, 116) = 6.89, p = .01, η2 = 
.05. Neither the main effect of Cue, F(1, 116) = 0.51, nor the Age Group by Cue interaction, F(1, 
116) = 0.36, reached significance, ps > .35. Follow-up t-tests further confirmed that neither age 
group showed a benefit in accuracy for the cued stimuli, ps > .25. 
 
Figure 5. Recall accuracy as a function of Age Group (Younger, Older) and Cue Status (Uncued, 
Cued) for Experiment 1. Error bars represent standard error of the mean. 
Correct Recall Standardized Response Times. Correct recall standardized response 
times for Experiment 1 are displayed in Figure 6. As shown, the results indicated that there was a 
cuing effect for the younger adults, but not for the older adults. This pattern was confirmed by a 
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two-way Age Group (young, old) by Cue (uncued, cued) mixed-factor ANOVA, which yielded a 
marginal main effect of Cue, F(1, 116) = 2.89, p = .09, η2 = .01, and a reliable Age Group by 
Cue interaction, F(1, 116) = 5.38, p = .02, η2 = .02. Follow-up t-tests indicated that younger 
adults produced a reliable cueing effect in standardized response latencies, t(56) = 2.23, p = .03, 
d = 0.55, but this effect did not approach significance for older adults, t(56) = 0.33, p = .74.  
 
Figure 6. Correct recall standardized response times as a function of Age Group (Younger, 
Older) and Cue Status (Uncued, Cued) for Experiment 1. Error bars represent standard error of 
the mean. 
Thought Probe Responses. Thought probe response percentages for Experiment 1 as a 
function of Age Group and Experiment are displayed in Table 3. As expected, older adults re-
ported less MW than younger adults. This was reflected in older adults reporting numerically 
more on task thoughts and significantly less experiment-unrelated MW than younger adults. 
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However, it is noteworthy that younger and older adults did not differ in their memory task-re-
lated MW frequency. 
Experiment Probe Response Younger Older t p 
Experiment 1 
On Task 49.30 56.30 1.60 .11 
Memory MW 28.99 32.46 0.91 .37 
MW 21.71 11.24 3.19 .002 
Table 3. Thought probe response percentages as a function of Age Group and Experiment.  
The relationship between participants’ thought probe responses and the degree to which 
they benefited from the cues presented during the Shapes task during cued retrieval was also ex-
amined. As shown in Figure 7, participants who reported more memory task-related MW during 
the Shapes task showed a larger accuracy cueing effect at recall, r(116) = .21, p = .02. Further-
more, there was also evidence that the less participants thought about the Shapes task itself 
(fewer on task reports), the larger accuracy cueing effect they produced at retrieval, r(116) = -
.20, p = .03. Both correlations remained significant after controlling for age, ps < .03. Interest-
ingly, there were no reliable correlations with the standardized response time cueing effects, ps > 
.49.  
 
Figure 7. Scatterplots showing the relationship between thought probe response percentages and 
the accuracy cueing effect for Experiment 1. 
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Self-Reported Hearing. An analysis was conducted to examine the possibility that the 
results from Experiment 1 were influenced by age-related declines in hearing. Specifically, it is 
possible that older adults were unable to hear the auditory cues. Several pieces of evidence sug-
gest that this is not likely the case. First, using the Prolific online recruitment system, only partic-
ipants who had indicated they had normal or corrected-to-normal hearing received the advertise-
ment for the study. Second, participants had to pass the auditory check, described above, in order 
to begin the experiment. Third, as mentioned in the methods section, at the end of the experi-
ment, older adults were asked several questions about their hearing including (1) whether they 
wear a hearing aid, (2) how much trouble they have hearing during conversations, (3) if they re-
quire subtitles to watch TV, and (4) how well they could identify the experimental sounds. Only 
two of the 60 older adults in Experiment 1 indicated that they reported wearing a hearing aid and 
none reported requiring subtitles to watch TV. Importantly, one can examine whether older 
adults’ self-reported hearing difficulties (questions 2 and 4) carried any power in predicting par-
ticipants’ thought probe responses or cueing effects. Neither older adults’ self-reported difficulty 
hearing during conversations nor their self-reported difficulty identifying the experimental 
sounds were significantly correlated with their thought probe responses or their cueing effects, ps 
> .25.  
Discussion 
Experiment 1 provided initial support for the hypothesis that reductions in MW propen-
sity may be associated with age-related declines in episodic memory due to differences in 
younger and older adults’ reactivation of cued traces during the Shapes task. The main results of 
Experiment 1 indicated that younger adults showed both increased MW during the Shapes task 
and better episodic memory during the cued recall task as compared to older adults. Furthermore, 
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the results from the standardized response latency analyses indicated that younger adults pro-
duced a greater benefit from the auditory cues presented during the Shapes task compared to 
when they had not been cued and as compared to older adults. This is consistent with the primary 
hypothesis that younger adults would be more sensitive to the targeted memory reactivation cues 
presented during the Shapes task than older adults. Furthermore, participants who reported more 
memory task-related MW during the Shapes task showed a larger accuracy cueing effect and par-
ticipants who reported more MW overall showed a larger cueing effect at retrieval. This pattern 
did not change when age was covaried out of the analyses. Surprisingly, there was no hint of a 
cueing effect in recall accuracy for either younger or older adults.  
Experiment 2 
Although Experiment 1 provided some evidence for the original hypothesis, it is unclear 
why there was no cuing effect in recall accuracy. In this light, it is noteworthy that Oudiette et al. 
(2013) incentivized participants by superimposing a value on each object at encoding to indicate 
the potential future payoff for remembering its location. Indeed, they argued that although it is 
possible that memory replay occurs randomly and with equal likelihood for all recently acquired 
memories, there is also evidence that memory replay may be driven by preferential consolidation 
(Lansink et al., 2008, 2009; Oudiette et al., 2013). Evidence of preferential consolidation comes 
from studies indicating that emotional salience (Hu et al., 2006; Sterpenich et al., 2009), inten-
tion to remember (van Dongen et al., 2012; Wilhelm et al., 2011), and anticipation of a future re-
ward for correct remembering (Fischer & Born, 2009) all enhance consolidation during sleep. 
These studies support the notion that memory consolidation entails some selectivity for more 
valuable information and may be an indirect consequence of the downscaling of synaptic con-
nectivity which occurs during consolidation (Tononi & Cirelli, 2006). Thus, similar to Oudiette 
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et al. (2019) and to better motivate the encoding, reactivation/consolidation, and retrieval of the 
experimental stimuli, participants in Experiment 2 were provided with performance-based incen-
tive instructions at the beginning of the study. 
Method 
Participants 
Sixty younger and 60 older adults met inclusion criteria and were recruited to participate 
in Experiment 2; however, two of the younger adults failed to respond to any of the thought 
probes and three younger adults failed to correctly recall any stimuli. The data from six younger 
and seven older adult participants were replaced because they reported writing information down 
during the experiment. Therefore, the analyses reported include 55 younger adults and 60 older 
adults. The age range of the younger adult participants was 18-31 years old and the age range of 
the older adult participants was 62-80 years old. As shown in Table 4, younger adults scored sig-
nificantly higher on the WMS than older adults. All experiments and procedures were approved 
by the Washington University in St. Louis Institutional Review Board. 
Experiment Age Group N Age (Years) WMS Acc. (%) t p 
Experiment 1 Younger 60 22.72 74.83 1.76 .08 Older 58 69.75 67.46 
Experiment 2 
Younger 55 23.85 82.73 
4.24 <.001 
Older 60 68.66 68.20 
Table 4. Demographic information.  
Materials 
The materials used in Experiment 2 were the same as those used in Experiment 1. 
Procedure 
The procedure was the same as the procedure used in Experiment 1 with the exception 
that, after completing the auditory check, participants received the following incentive 
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instructions: “In this experiment, you will first study sound-picture-word triads. Later in the ex-
periment, you will be asked to remember which word was paired with each picture/sound. If you 
recall more than 40% of the words correctly, you will receive an additional monetary bonus! You 
will receive an additional 5 cents per word you correctly recall past the 40% accuracy mark. This 
means you should do your best to remember the sound-picture-word triads in the first part of the 
experiment and recall them to the best of your ability in the memory portion of the experiment. 
Press the SPACEBAR when you are ready to continue.” These instructions were displayed until 
participants pressed the spacebar to continue.  
Results 
The response time trimming procedure described earlier eliminated 2.05% of trials for 
younger adults and 1.15% of trials for older adults in Experiment 2.  
Recall Accuracy. Percent correct recall as a function of Age Group and Cue, for Experi-
ment 2 is displayed on the right in Figure 8. Overall, younger adults again correctly recalled 
more words than older adults and cued stimuli were recalled slightly better than uncued stimuli. 
These patterns were examined using a two-way Age Group (young, old) by Cue (uncued, cued) 
mixed-factor ANOVA, which yielded a main effect of Age Group, F(1, 113) = 65.36, p < .001, 
η2 = .35. However, neither the main effect of Cue, F(1, 113) = 2.12, p = .15, nor the Age Group 
by Cue interaction approached significance, F(1, 113) = 0.36, p = .55. Neither younger nor older 
adults produced a reliable accuracy cueing effect, ps > .19.  
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Figure 8. Recall accuracy as a function of Age Group (Younger, Older) and Cue Status (Uncued, 
Cued) for Experiments1 and 2. Error bars represent standard error of the mean. 
Correct Recall Standardized Response Times. Correct recall standardized response 
times are displayed on the right in Figure 9. Replicating Experiment 1, younger adults again re-
called the cued stimuli more quickly than uncued stimuli, whereas this was not the case for older 
adults. These patterns were confirmed by a two-way Age Group (young, old) by Cue (uncued, 
cued) mixed-factor ANOVA, which yielded a main effect of Cue, F(1, 113) = 12.68, p < .001, η2 
= .05, and a nonsignificant Age Group by Cue interaction, F(1, 113) = 2.51, p = .11. Follow-up t-
tests indicated that younger adults produced a reliable cueing effect in standardized response la-
tencies, t(52) = 4.34, p < .001, d = 1.06, but this again did not approach significance for older 
adults, t(55) = 0.86, p = .39. 
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Figure 9. Correct recall zRT as a function of Age Group (Younger, Older) and Cue Status 
(Uncued, Cued) for Experiments 1 and 2. Error bars represent standard error of the mean. 
Thought Probe Responses. Thought probe response percentages for Experiment 2 are 
displayed in the second row of Table 5. Older adults again reported less MW than younger 
adults. These patterns were confirmed with t-tests which indicated that older adults reported sig-
nificantly more on task thoughts and, in this case, less memory task-related MW than younger 
adults. Younger adults only reported marginally more thoughts unrelated to the experiment as 
compared to older adults. 
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Experiment Probe Response Younger Older t p 
Experiment 1 
On Task 49.30 56.30 1.60 .11 
Memory MW 28.99 32.46 0.91 .37 
MW 21.71 11.24 3.19 .002 
Experiment 2 
On Task 35.83 55.03 4.65 <.001 
Memory MW 45.30 32.08 3.26 .001 
MW 18.86 12.89 1.83 .07 
Table 5. Thought probe response percentages as a function of Age Group and Experiment.  
The relationship between memory task-related MW during the Shapes task and the de-
gree to which participants benefited from the cues presented during the Shapes task at retrieval 
was again examined. As shown in Figure 10, participants who reported more memory task-re-
lated MW during the Shapes task showed larger cueing effects in correct standardized response 
times, r(107) = .16, p = .10, although this relationship did not reach significance. Furthermore, 
there was also evidence that the less participants thought about the Shapes task itself (fewer on 
task reports), the larger cueing effect they produced at retrieval, r(107) = -.19, p = .04. After con-
trolling for age, however, this correlation was only marginally significant, p = .09.  
 
Figure 10. Scatterplots showing the relationship between thought probe response percentages 
and the zRT cueing effect for Experiment 2. 
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Self-Reported Hearing. Again, the possibility that the results could be influenced by 
age-related declines in hearing was examined. The same analyses as in Experiment 1 were con-
ducted to test for any possible relationship between older adults’ self-reported hearing difficulties 
and their performance in the cued recall task. Neither older adults’ self-reported difficulty hear-
ing during conversations nor their self-reported difficulty identifying the cued sounds was signif-
icantly correlated with either their thought probe responses or their cueing effects, ps > .11. Fur-
thermore, even when collapsing across Experiments 1 and 2, neither older adults’ self-reported 
hearing difficulty during conversations nor their self-reported difficulty identifying the experi-
mental sounds significantly predicted their cueing effects, ps > .11. Of course, in hindsight, it 
would have been useful to also have these self-reported hearing data for the younger adults. 
Therefore, both younger and older adult self-reported hearing data were collected in Experiment 
5 and thus this issue is further explored there.  
Discussion 
Experiment 2 again provided some support for the hypothesis that reductions in MW pro-
pensity may be associated with age-related declines in episodic memory due to differences in 
younger and older adults’ ability to reactivate cued traces during MW. The presence of an incen-
tive in Experiment 2 did increase overall recall performance compared to Experiment 1, and this 
occurred primarily for younger adults, t(111.9) = 2.48, p = .01, d = 0.46, but not for older adults, 
t(115.6) = 1.65, p = .10. It is possible that monetary incentives are more important for younger 
adults than older adults or that older adults were already performing at their maximum level in 
Experiment 1 (without the incentive). More importantly, for the present hypotheses, the results 
from Experiment 2 again indicated that younger adults produced a robust benefit from the audi-
tory cues in the standardized response latencies. However, this effect was not present for the 
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older adults. This pattern clearly replicates the results from Experiment 1. Finally, participants 
who reported more MW overall showed a larger cueing effect at retrieval. 
Experiment 3 
Although there was a clear effect of cue on standardized response latencies in the 
younger, but not older, adults in both Experiments 1 and 2, it is surprising that there was still no 
effect of cue on recall accuracy. This lack of effect of cue on recall accuracy limits the ability to 
more robustly test age-related differences. Therefore, Experiment 3 aimed to increase the effec-
tiveness of the targeted reactivation cues in two ways: First, it is possible that the complexity of 
the sound/picture/word triad made it difficult to develop a well-integrated memory trace during 
encoding. Thus, in Experiment 3, all auditory information was omitted, and hence, participants 
encoded simple picture-word pairs. Second, during the Shapes task, picture cues were re-pre-
sented to reactivate the earlier picture-word stimuli. The hypothesis tested in Experiment 3 was 
that the picture cues would be more salient and more effectively reactivate the paired adjective 
than the sound cues. Thus, the main goal of Experiment 3 was to increase the influence of the 
cues on recall accuracy to afford a more powerful test of any age-related differences.  
Method 
Participants 
Sixty younger and 60 older adults met inclusion criteria and were recruited to participate 
in Experiment 3; however, because of concerns regarding task engagement, four younger adults 
and two older adults who failed to respond to any of the thought probes and two younger adults 
and two older adults who failed to correctly recall any stimuli were removed before analysis. The 
data from six younger and five older adult participants were replaced because they reported writ-
ing information down during the experiment. Therefore, the analyses reported include 54 
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younger adults and 56 older adults. The age range of the younger adult participants was 18-31 
years old, and the age range of the older adult participants was 62-83 years old. As shown in Ta-
ble 6, younger adults scored significantly higher on the WMS than older adults. All experiments 
and procedures were approved by the Washington University in St. Louis Institutional Review 
Board.  
Experiment Age Group N Age (Years) WMS Acc. (%) t p 
Experiment 1 Younger 60 22.72 74.83 1.76 .08 
Older 58 69.75 67.46 
Experiment 2 
Younger 55 23.85 82.73 
4.24 <.001 Older 60 68.66 68.20 
Experiment 3 
Younger 54 22.70 84.44 
4.71 <.001 
Older 56 68.59 69.14 
Table 6. Demographic information.  
Materials 
The materials were the same as those used in Experiment 2, with the elimination of the 
auditory cues.  
Procedure 
The procedure was the same as described in Experiment 2 with several exceptions: First, 
there was no auditory check at the beginning of the experiment because no auditory stimuli were 
presented in Experiment 3. Instead of the auditory check instructions, participants were presented 
with a screen in its place which read: “Please take a moment to silence any external distractions 
and mute any background tabs. Please press the spacebar to continue.” Second, as noted, during 
the encoding task, participants were simply asked to generate, and then rate the vividness of, an 
imaginative association between a word and picture (as opposed to the picture/sound/word triad 
in the previous experiments). Third, during the Shapes task, participants were presented with pic-
ture cues, as compared to the auditory cues used in Experiments 1 and 2. Picture cues were 
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presented using the same pseudorandomization procedure described in Experiment 2 and pre-
sented for the same duration as the auditory cues were presented in Experiments 1 and 2 (i.e., 
3000 ms). Fourth, during the cued recall task, rather than the instructions described in Experi-
ment 2, which referenced encoded sounds, participants were presented with instructions that 
read: “You will be presented with a picture from earlier in the experiment. Please recall the 
WORD that was paired with the picture from earlier in the experiment. Please type your response 
using the keyboard and press ENTER after you are done to move on. Please do this as quickly 
and accurately as possible.” Last, although recruitment and inclusion criteria for Experiment 3 
were the same as the previous experiments and there were no auditory stimuli presented, older 
adult participants were still asked to complete a modified version of the post-experiment hearing 
questionnaire which included the following questions: (1) “Do you wear a hearing aid?” (Yes / 
No), (2) “On a scale from 1-5, how much trouble do you have hearing during conversations?” 
with 1 being “No Trouble At All” and 5 being “A Lot Of Trouble”, (3) “Do you require subtitles 
to watch TV?” (Yes / No), and (4) “On a scale from 1-5, how well could you identify each of the 
pictures as they were presented?” with 1 being “Could NOT Identify Any” and 5 being “Could 
Identify ALL.” 
Results 
The response time trimming procedure described earlier eliminated 1.79% of trials for 
younger adults and 1.74% of trials for older adults in Experiment 3.  
Recall Accuracy. Percent correct recall for Experiment 3 is displayed as a function of 
Age Group and Cue on the right in Figure 11. Overall, younger adults correctly recalled more 
words than older adults and cued stimuli were recalled better than uncued stimuli. These patterns 
were confirmed by a two-way Age Group (young, old) by Cue (uncued, cued) mixed-factor 
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ANOVA, which yielded a main effect of Age Group, F(1, 108) = 28.25, p < .001, η2 = .20, a 
main effect of Cue, F(1, 108) = 5.43, p = .02, η2 = .002, and an Age Group by Cue interaction, 
F(1, 108) = 4.67, p = .03, η2 = .002. Follow-up t-tests indicated that older adults produced a reli-
able accuracy cueing effect, t(55) = 3.01, p = .004, d = 0.17, but this did not approach signifi-
cance for younger adults, t(53) = 0.09, p = .91. 
 
Figure 11. Recall accuracy as a function of Age Group (Younger, Older) and Cue Status (Un-
cued, Cued) for Experiments1, 2, and 3. Error bars represent standard error of the mean. 
Correct Recall Standardized Response Times. Correct recall standardized response 
times for Experiment 3 are displayed on the right in Figure 12. Overall, participants were able to 
correctly recall cued stimuli more quickly than uncued stimuli. Furthermore, the results provided 
support for the hypothesis that increasing the cue salience allowed both younger and older adults 
to make use of the cues to trigger reactivation of recently encoded information and promote con-
solidation during MW such that both age groups correctly recalled cued stimuli more quickly 
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than uncued stimuli. These patterns were confirmed by a two-way Age Group (young, old) by 
Cue (uncued, cued) mixed-factor ANOVA, which yielded a robust main effect of Cue, F(1, 108) 
= 67.90, p < .001, η2 = .24. Neither the main effect of Age Group nor the Age Group by Cue in-
teraction approached significance, ps > .20.  
 
Figure 12. Correct recall standardized response times as a function of Age Group (Younger, 
Older) and Cue Status (Uncued, Cued) for Experiments 1, 2, and 3. Error bars represent standard 
error of the mean. 
Thought Probe Responses. Thought probe response percentages are displayed in Table 
7. Older adults again reported being more on task during the Shapes task than younger adults. As 
shown, these patterns were confirmed with t-tests which indicated that older adults reported sig-
nificantly more on task thoughts and less MW than younger adults. Although older adults pro-
duced less experiment-unrelated MW than younger adults, there was no effect of age on memory 
task-related MW. 
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Experiment Probe Response Younger Older t p 
Experiment 1 
On Task 49.30 56.30 1.60 .11 
Memory MW 28.99 32.46 0.91 .37 
MW 21.71 11.24 3.19 .002 
Experiment 2 
On Task 35.83 55.03 4.65 <.001 
Memory MW 45.30 32.08 3.26 .001 
MW 18.86 12.89 1.83 .07 
Experiment 3 
On Task 41.50 57.30 3.53 .001 
Memory MW 28.43 30.33 0.53 .60 
MW 30.06 12.37 3.39 <.001 
Table 7. Thought probe response percentages as a function of Age Group and Experiment.  
The relationship between participants’ thought probe responses and the degree to which 
they benefited from the cues presented during the Shapes task later on at retrieval was again ex-
amined. Interestingly, however, there were no significant relationships between participants’ 
thought probe responses during the Shapes task and their cueing effects produced at recall, ps > 
.10. 
Discussion 
There are several key findings from Experiment 3. There was again only a relatively 
small effect of cue on recall accuracy (2.48%), and this effect was only reliable for older adults. 
Thus, although overall performance was higher in Experiment 3 as compared to Experiment 2, as 
confirmed by a three-way Age Group (young, old) by Experiment (Experiment 2, Experiment 3) 
by Cue (uncued, cued) mixed-factor ANOVA which yielded a significant main effect of Experi-
ment, F(1, 221) = 16.13, p < .001, η2 = .06, increasing the salience of the cue and decreasing the 
complexity of the encoded stimuli only strengthened the accuracy cuing effect for older adults. 
Importantly, however, neither the Age by Cue, Experiment by Cue, nor Age by Experiment by 
Cue interactions approached significance. The inconsistency of the cueing effect in recall 
 50 
accuracy across experiments is quite noticeable, although the aforementioned cross-experiment 
ANOVA yielded a significant main effect of Cue, F(1, 221) = 7.20, p = .008, η2 = .002. 
The results from Experiment 3 produced a much more robust pattern in the standardized 
response time data. Specifically, Experiment 3 replicated the strong cueing effect in standardized 
response latencies for young adults observed in Experiments 1 and 2, and importantly also pro-
duced a robust cuing effect for older adults. Indeed, the three-way Age Group (young, old) by 
Experiment (Experiment 2, Experiment 3) by Cue (uncued, cued) mixed-factor ANOVA yielded 
a significant Age Group by Experiment by Cue interaction, F(1, 221) = 8.17, p = .004, η2 = .02, 
reflecting the increased cue effect especially for the older adults in Experiment 3, compared to 
Experiment 2. 
Experiment 4 
The first three experiments tested the hypothesis that the cues in the previous experiments 
would trigger reactivation of the stimuli presented at encoding and thus increase participants’ 
memory task-related MW. However, because the previous experiments always included cues re-
ferring back to the earlier encoded stimuli, the influence of the cues on memory task-related MW 
could not be directly tested. In order to examine whether the cues presented during the Shapes 
task increased memory task-related MW8, Experiment 4 used the same experimental design as 
Experiment 1 with the exception that no auditory cues were presented during the Shapes task. 
Experiment 1 was chosen as the comparison experiment, because the auditory cues were the 
most subtle and yet there was a clear relationship between memory task-related MW and correct 
 
8 Indeed, there is some preliminary evidence investigating how MW episodes are triggered. Vannucci et al. (2017) 
experimentally manipulated the presence of verbal cues during a vigilance task and found that, compared to a no 
cues group, the group that received irrelevant verbal cues reported more MW. The authors argued that the irrelevant 
cues increased the frequency of MW and influenced participants’ MW contents. 
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recall standardized response time cuing effect. Hence, this control experiment examined the de-
gree to which cues during the Shapes task modulated participants’ MW propensity and content. 
Method 
Participants 
Sixty younger and 60 older adults met inclusion criteria and were recruited to participate 
in Experiment 4, and because no participants had to be removed, the analyses reported include 
60 younger and 60 older adults. The data from four younger adult participants and one older 
adult participant were replaced because they reported writing information down during the ex-
periment. The age range of the younger adult participants was 18-30 years old and the age range 
of the older adult participants was 63-79 years old. As shown in Table 8, younger adults scored 
significantly higher on the WMS than older adults. All experiments and procedures were ap-
proved by the Washington University in St. Louis Institutional Review Board.  
Experiment Age Group N Age (Years) WMS Acc. (%) t p 
Experiment 1 Younger 60 22.72 74.83 1.76 .08 Older 58 69.75 67.46 
Experiment 2 
Younger 55 23.85 82.73 
4.24 <.001 Older 60 68.66 68.20 
Experiment 3 Younger 54 22.70 84.44 4.71 <.001 Older 56 68.59 69.14 
Experiment 4 
Younger 60 23.34 77.33 
4.39 <.001 
Older 60 68.57 61.00 
Table 8. Demographic information.  
Materials 
The materials used were the same as in Experiment 1.  
Procedure 
The procedure was the same as the procedure used in Experiment 1 with the exception 
that participants did not receive any cues during the Shapes task.  
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Results 
The response time trimming procedure described earlier eliminated 1.70% of trials for 
younger adults and 1.05% of trials for older adults in Experiment 4.  
As noted, the primary purpose of Experiment 4 was to determine the extent to which the 
cues presented during the Shapes task influenced the degree to which participants reported 
memory task-related MW. Admittedly, this experiment was run separately from Experiment 1, 
and thus produces a limitation with regard to time of testing.  
Analyses on recall accuracy are first presented to examine if there was any difference in 
participants’ accuracy recalling uncued stimuli in Experiment 1 to the stimuli in Experiment 4, 
which were all uncued. One would a priori expect a decrease in overall recall performance in Ex-
periment 4, because there would be fewer cues reminding participants of the encoded stimuli. Fi-
nally, analyses comparing participants’ thought probe responses in Experiment 1 to thought 
probe responses in Experiment 4 are presented. The main hypothesis tested was that participants 
should report less memory task-related MW in Experiment 4 as compared to Experiment 1 due 
to the lack of auditory cues presented during the Shapes task.  
Recall Accuracy. Recall accuracy data for Experiment 4 and Experiment 1 are presented 
in Figure 13. As shown, the presence of the cues clearly increased overall cued recall perfor-
mance for older, but not younger, adults. This observation was confirmed by a two-way Age 
Group (young, old) by Experiment (Experiment 1, Experiment 4) ANOVA, which yielded a 
main effect of Age Group, F(1, 234) = 36.34, p < .001, η2 = .13, a main effect of Experiment, 
F(1, 234) = 3.93, p = .04, η2 = .02, and a reliable Age Group by Experiment interaction, F(1, 
234) = 5.21, p = .02, η2 = .02. This interaction indicated that older adults produced better recall 
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accuracy in Experiment 1 compared to Experiment 4, t(115) = 3.48, p < .001, d = 0.64, but this 
did not occur for younger adults, t(116.6) = 0.18, p = .86. 
 
Figure 13. Recall accuracy as a function of Age Group (Younger, Older) and Experiment (Ex-
periment 1, Experiment 4). Error bars represent standard error of the mean. 
Correct Recall Response Times. Given that it is only appropriate to compare uncued 
stimuli across Experiments 1 and 4, instead of reporting standardized response times, raw re-
sponse times are reported here. Correct raw response times for Experiments 1 and 4 are dis-
played in Figure 14. Overall, younger adults responded more quickly than older adults, but re-
sponse times did not differ across Experiments. These patterns were confirmed by a two-way 
Age Group (young, old) by Experiment (Experiment 1, Experiment 4) ANOVA, which yielded a 
main effect of Age Group, F(1, 230) = 46.89, p < .001, η2 = .17, but no other significant effects 
or interactions, ps > .18. 
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Figure 14. Raw correct recall response times as a function of Age Group (Younger, Older) and 
Experiment (Experiment 1, Experiment 4). Error bars represent standard error of the mean. 
Thought Probe Responses. Thought probe response percentages as a function of Age 
Group and Experiment are displayed in the fourth row of Table 9. Older adults again reported 
being overall more on task during the Shapes task than younger adults. However, both younger 
and older adults reported experiencing fewer on task thoughts and much more memory task-re-
lated MW during the Shapes task in Experiment 1 as compared to Experiment 4, suggesting that 
the cues indeed increased thinking about the earlier encoded stimuli. These patterns were con-
firmed with a series of two-way Age Group (young, old) by Experiment (Experiment 1, Experi-
ment 4) ANOVAs on participants’ on task reports, memory task-related MW reports, and experi-
ment-unrelated MW reports. The analysis on participants’ on task thought percentages yielded a 
significant main effect of Age Group, F(1, 236) = 5.57, p = .02, η2 = .02, and a significant main 
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effect of Experiment, F(1, 236) = 7.12, p = .01, η2 = .03. The Age Group by Experiment interac-
tion did not reach significance, p = .81.  
Experiment Probe Response Younger Older t p 
Experiment 1 
On Task 49.30 56.30 1.60 .11 
Memory MW 28.99 32.46 0.91 .37 
MW 21.71 11.24 3.19 .002 
Experiment 2 
On Task 35.83 55.03 4.65 <.001 
Memory MW 45.30 32.08 3.26 .001 
MW 18.86 12.89 1.83 .07 
Experiment 3 
On Task 41.50 57.30 3.53 .001 
Memory MW 28.43 30.33 0.53 .60 
MW 30.06 12.37 3.39 <.001 
Experiment 4 
On Task 57.23 65.80 1.78 .07 
Memory MW 7.85 8.92 0.57 .57 
MW 34.92 25.28 2.00 .04 
Table 9. Thought probe response percentages as a function of Age Group and Experiment.  
As shown, both younger and older adults reported experiencing much more memory task-
related MW during Experiment 1 as compared to Experiment 4. This observation was confirmed 
by the two-way ANOVA on participants’ memory task-related MW thought probe response per-
centage which yielded a highly significant main effect of Experiment, F(1, 236) = 108.10, p < 
.001, η2 = .32. Neither the main effect of Age Group nor the Age Group by Experiment interac-
tion approached significance, ps > .24.  
Turning to participants’ thought probe responses of experiment-unrelated MW, younger 
adults reported more MW than older adults and both age groups reported less unrelated MW dur-
ing Experiment 1 as compared to Experiment 4. This was again confirmed by the ANOVA 
which yielded a significant main effect of Age Group, F(1, 236) = 12.24, p < .001, η2 = .05, and 
Experiment, F(1, 236) = 21.89, p < .001, η2 = .08. The Age Group by Experiment interaction did 
not reach significance, p = .88. 
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Discussion 
The results of Experiment 4 suggest that the cues presented in the previous three experi-
ments likely influenced participants’ thought contents during the Shapes task. Specifically, as 
compared to Experiment 4, without auditory cues, participants in Experiment 1 reported more 
MW about the earlier encoded stimuli when the auditory cues were presented during the Shapes 
task. These results provide some support that presenting participants with the auditory cues dur-
ing the Shapes task may promote consolidation specifically by reactivating the traces of the cued 
stimuli. 
Interestingly, it appears that the effect of cue presence (i.e., Experiment 1 vs. Experiment 
4) on overall recall accuracy was reliable for older adults but not younger adults. This pattern 
supports the notion that differences in the cueing effect observed across age groups was not 
likely due to age-related declines in hearing abilities given that older adults appear to show a 
larger effect of the presence of the cues across experiments. Moreover, because there was little 
evidence of a cuing effect in older adults in either the first or second experiments (with the ex-
ception of the small but reliable effect in accuracy), this pattern suggests that the auditory cues 
may trigger reactivation of the earlier episodic event more “globally” for older adults. This pat-
tern could be viewed as consistent with the recent hypothesis that in both pattern completion 
consolidation processes and MW, thoughts drift across a loosely connected train of thought and 
certain contexts spontaneously evoke related memories or images (Mills et al., 2018). Memories 
recalled during pattern completion may trigger further pattern completions, in a fashion similar 
to the dynamic thought trajectory and variable content that is characteristic of MW, but at the 
same time allow for thematic relationships and partial associations to persist across consecutive 
mental states (O’Callaghan et al., 2021). Of course, this is purely speculative at this point. 
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The overall global influence of the cues on recall performance in the older adults may 
also be viewed as support for the notion that older adults are less likely to encode distinctive 
memory traces. Specifically, there is evidence that older adults are less likely to encode distinc-
tive traces compared to younger adults (Duchek, 1984; Rabinowitz et al., 1982). Possibly, this 
global influence on performance may suggest a more general reflection on the earlier encoded 
information in older adults as compared to the more distinctive effect of the cues in younger 
adults (Wahlheim & Jacoby, 2013), at least in standardized response times. 
Experiment 5 
Given that increasing the salience of the cues in Experiment 3 produced a robust cuing 
effect in both younger and older adults’ response latencies, Experiment 5 sought to test whether 
these effects would transfer to a pair-binding recognition paradigm. Pair-binding recognition par-
adigms require participants to distinguish between old pairs, new pairs, and re-paired items. In 
the present study, re-paired items consist of picture-word pairs, both studied during encoding, 
which are re-paired during the recognition test. The ability to correctly reject these re-paired 
items during the recognition test is often viewed as evidence of successfully binding together a 
specific picture-word pair and rejecting the overall familiarity of the individual items (see for ex-
ample, Naveh-Benjamin et al., 2004). If participants only rely on familiarity processes, however, 
then a high error rate would be expected for re-paired items.  
The aim of Experiment 5 was to examine whether the picture cues presented during the 
Shapes task would affect familiarity or binding processes. Specifically, when the picture cue is 
presented, if it reactivates the word that paired with that picture at encoding, then this should fa-
cilitate the binding of the picture-word pair and hence increase correct rejection of re-paired 
items during the recognition test. This is particularly intriguing with respect to cognitive aging 
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given the considerable evidence that older adults have a binding deficit (Koen & Yonelinas, 
2014; Millar et al., 2017; Naveh-Benjamin et al., 2004). If it is the case that the picture cueing 
effect observed in Experiment 3 transfers to a pair-binding recognition paradigm, then one would 
expect that participants would show a particular benefit in (correctly) rejecting re-paired stimuli. 
Furthermore, if the targeted reactivation cues affect binding processes, a process which is defi-




Sixty younger and 60 older adults met inclusion criteria and were recruited to participate 
in Experiment 5. However, two older adults failed to respond to any of the thought probes and 
one failed to correctly recall any stimuli and were thus removed before analysis. The data from 
three younger and five older adult participants were replaced because they reported writing infor-
mation down during the experiment. Therefore, the analyses included 60 younger adults and 57 
older adults. The age range of the younger adult participants was 18-30 years old, and the age 
range of the older adult participants was 62-74 years old. As shown in Table 10, younger adults 
scored significantly higher on the WMS than older adults. All experiments and procedures were 
approved by the Washington University in St. Louis Institutional Review Board.  
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Experiment Age Group N Age (Years) WMS Acc. (%) t p 
Experiment 1 
Younger 60 22.72 74.83 
1.76 .08 
Older 58 69.75 67.46 
Experiment 2 
Younger 55 23.85 82.73 
4.24 <.001 Older 60 68.66 68.20 
Experiment 3 Younger 54 22.70 84.44 4.71 <.001 
Older 56 68.59 69.14 
Experiment 4 
Younger 60 23.34 77.33 
4.39 <.001 Older 60 68.57 61.00 
Experiment 5  
Younger 60 23.32 74.67 
2.66 .009 
Older 57 64.91 63.68 
Table 10. Demographic information.  
Materials 
Stimuli consisted of an expanded set of 78 picture-word pairs, 52 from the previous Ex-
periments. Pictures were again drawn from Oudiette et al. (2013) and words were drawn from 
Varma et al. (2019) and had the same characteristics as the stimuli in Experiments 1-4. Each par-
ticipant studied 52 picture-word pairs. Twenty-six of these items were cued during the Shapes 
task, and 26 were not cued. Within both the cued and uncued stimuli, during the recognition test, 
participants either received these items intact or re-paired. In addition, there were 26 totally new 
items presented during the recognition test. Hence, participants saw 13 old cued stimuli, 13 old 
uncued stimuli, 13 re-paired cued stimuli, 13 re-paired uncued stimuli, and 26 completely new 
stimuli which were randomly intermixed. Items were counterbalanced across six lists such that 
each item occurred equally across all conditions9. 
Procedure 
The procedure was the same as described in Experiment 3 with three exceptions: First, as 
compared to the prior experiments where each stimulus was encoded twice, participants only 
 
9 There was no effect of counterbalance list on participants’ performance or cue effects.  
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studied each picture-word pair once during encoding in Experiment 5. This change was made to 
ensure that recognition accuracy performance was not at ceiling. Nevertheless, consistent with 
Experiments 2 and 3, participants again received the incentive instructions described previously. 
Second, instead of a cued recall task, participants performed a pair-binding recognition task. Be-
fore the recognition test, participants were given instructions that read: “Now, you will be pre-
sented with picture-word pairs. We want to test your memory for the picture-word pairs you 
studied earlier. Some picture-word pairs will be the same as earlier during the imagined associa-
tion task. Other picture-word pairs will be re-paired or completely new (NOT the same). If the 
pair is the same pair as earlier during the imagined association task, press “S”. If the pair is NOT 
the same as earlier during the imagined association task, press “N”. We are testing your memory 
for the relationship between the picture-word pairs. Please try to respond as quickly AND as ac-
curately as possible. Please press SPACE to begin.” This screen was presented until participants 
pressed the spacebar to advance. On each recognition trial, participants were presented with a 
picture-word pair from encoding and pressed “S” if the picture-word pair was same as encoded 
earlier in the experiment or “N” if the picture-word pair was not the same as encoded earlier in 
the experiment. After pressing the key which indicated their response, or 10,000 ms expired, 
whichever came first, the next trial began with a fixation cross displayed for 500 ms. Third, both 
younger and older adult participants received the hearing questions at the end of the experiment, 
as compared to only older adults as in the earlier experiments. This was done to provide an esti-
mate of self-reported hearing abilities of the younger adults that were sampled via Prolific to use 




The response time trimming procedure described earlier eliminated 2.00% of trials for 
younger adults and 1.54% of trials for older adults in Experiment 5.  
Recognition Accuracy. Because a cueing effect cannot be calculated for the new items, 
there were two sets of analyses conducted. The first set of analyses focused on Age Group and 
Item Type effects, and their interaction, on overall accuracy collapsing across cue status. Recog-
nition accuracy data for Experiment 5, collapsed across cue status, are shown in Figure 15. Over-
all, younger adults correctly recognized more picture-word pairs than older adults. Furthermore, 
new items were correctly recognized better than old and re-paired items, and old items were bet-
ter recognized than re-paired items. Additionally, older adults were worse at correctly rejecting 
re-paired items as compared to correctly rejecting new pairs and recognizing old pairs, and as 
compared to younger adults. These patterns were indeed confirmed by the two-way Age Group 
(young, old) by Item Type (old, re-paired, new) ANOVA which yielded a main effect of Age 
Group, F(1, 118) = 4.58, p = .03, η2 = .02, a main effect of Item Type, F(2, 236) = 44.10, p < 
.001, η2 = .18, and an Age Group by Item Type interaction, F(2, 236) = 11.81, p < .001, η2 = .06. 
Follow-up analyses indicated that older adults had worse accuracy than younger adults for old 
and re-paired items, ps < .04, but were more accurate than younger adults at rejecting new items, 
p < .01.   
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Figure 15. Recognition accuracy for Experiment 5 as a function of Age Group (Younger, Older) 
and Item Type (Old, Re-paired, New). Error bars represent standard error of the mean. 
The second analysis focused on the cuing effect for old and re-paired items. This in-
volved a three-way Age Group (young, old) by Cue (uncued, cued) by Item Type (Old, Re-
paired) mixed-factor ANOVA. These data are shown in Figure 16. There was a main effect of 
Age Group, F(1, 118) = 26.21, p < .001, η2 = .05, a main effect of Item Type, F(1, 118) = 23.08, 
p < .001, η2 = .0001, and an Age Group by Item Type interaction, F(1, 118) = 5.22, p = .02, η2 = 
.01. Planned comparisons indicated that older adults had worse accuracy for re-paired items than 
old items, t(56) = 2.79, p = .004, d = 0.60, as compared to younger adults, t(59) = 2.17, p = .03, d 
= 0.30. No other interactions reached significance, ps > .19. 
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Figure 16. Recognition accuracy for Experiment 5 as a function of Age Group (Younger, Older), 
Cue (uncued, cued), and Item Type (Old, Re-paired). Error bars represent standard error of the 
mean. 
Correct Recognition Standardized Response Times. Again, the first set of analyses fo-
cused on Age Group and Item Type effects, and their interaction, on correct standardized re-
sponse times collapsing across cue status. Correct recognition standardized response times for 
Experiment 5 are displayed as a function of Age Group and Item Type in Figure 17. Overall, par-
ticipants were fastest to correctly reject new stimuli as compared to old and re-paired stimuli, and 
old items were correctly recognized faster than re-paired items. Additionally, older adults were 
faster than younger adults at correctly recognizing new stimuli but were slower than younger 
adults at correctly recognizing re-paired items. These patterns were indeed confirmed by the two-
way Age Group (young, old) by Item Type (old, re-paired, new) ANOVA which yielded a main 
effect of Item Type, F(2, 236) = 156.70, p < .001, η2 = .54, and an Age Group by Item Type in-
teraction, F(2, 236) = 5.13, p = .007, η2 = .04. Follow-up tests confirmed that older adults were 
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faster than younger adults at correctly recognizing new stimuli, t(113.4) = 2.71, p = .007, d = 
0.49, but were slower than younger adults at correctly recognizing re-paired stimuli, t(113) = 
2.08, p = .04, d = 0.38. 
 
Figure 17. Correct recognition standardized response times for Experiment 5 as a function of 
Age Group (Younger, Older) and Item Type (Old, Re-paired). Error bars represent standard error 
of the mean. 
Correct recognition standardized response times for Experiment 5 are displayed as a 
function of Age Group, Cue, and Item Type in Figure 18. Excluding new items from the analy-
sis, cued stimuli were correctly recognized faster than uncued stimuli, and old picture-word pairs 
were correctly recognized faster than re-paired stimuli. Furthermore, consistent with the results 
of Experiments 1 and 2, the cueing effect was present for younger but not older adults. These 
patterns were confirmed by a three-way Age Group (young, old) by Cue (uncued, cued) by Item 
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Type (Old, Re-paired) mixed-factor ANOVA, which yielded a main effect of Age Group, F(1, 
118) = 9.85, p = .002, η2 = .02, a main effect of Cue, F(1, 118) = 4.77, p = .03, η2 = .01, and a 
main effect of Item Type, F(1, 118) = 110.50, p < .001, η2 = .18. None of the interactions 
reached significance, ps > .38. Follow-up analyses indicated that the overall standardized re-
sponse time cueing effect was reliable for younger adults, t(119) = 2.33, p = .02, d = 0.25, but 
not for older adults, t(118) = 1.10, p = .27. 
 
Figure 18. Correct recognition standardized response times for Experiment 5 as a function of 
Age Group (Younger, Older), Cue (uncued, cued), and Item Type (Old, Re-paired). Error bars 
represent standard error of the mean. 
Incorrect Recognition Standardized Response Times. Although recognition accuracy 
was quite high, incorrect recognition standardized response times were also examined. Again, 
the first set of analyses focused on Age Group and Item Type effects, on incorrect standardized 
response times collapsing across cue status. A two-way Age Group (young, old) by Item Type 
(old, re-paired, new) ANOVA yielded no significant main effects or interactions, Fs < 1.  
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Excluding new items from the analysis, a three-way Age Group (young, old) by Cue (un-
cued, cued) by Item Type (Old, Re-paired) mixed-factor ANOVA yielded no significant main 
effects or interactions, Fs < 1.  
Thought Probe Responses. Thought probe response percentages for Experiment 5 are 
displayed in the fifth row of Table 11. Older adults again reported more on task thoughts and less 
experiment-unrelated MW than younger adults. However, younger and older adults did not differ 
in their frequency reporting memory task-related MW. 
Experiment Probe Response Younger Older t p 
Experiment 1 
On Task 49.30 56.30 1.60 .11 
Memory MW 28.99 32.46 0.91 .37 
MW 21.71 11.24 3.19 .002 
Experiment 2 
On Task 35.83 55.03 4.65 <.001 
Memory MW 45.30 32.08 3.26 .001 
MW 18.86 12.89 1.83 .07 
Experiment 3 
On Task 41.50 57.30 3.53 .001 
Memory MW 28.43 30.33 0.53 .60 
MW 30.06 12.37 3.39 <.001 
Experiment 4 
On Task 57.23 65.80 1.78 .07 
Memory MW 7.85 8.92 0.57 .57 
MW 34.92 25.28 2.00 .04 
Experiment 5 
On Task 37.41 50.47 2.81 .005 
Memory MW 37.15 33.15 0.93 .35 
MW 25.45 16.01 2.61 .01 
Table 11. Thought probe response percentages as a function of Age Group and Experiment.  
As done in the previous experiments, the relationship between participants’ thought probe 
responses and the degree to which they benefited from the cues presented during the Shapes task 
later on at retrieval was also examined. Participants who reported more memory task-related 
MW during the Shapes task were more accurate in correctly rejecting re-paired stimuli when the 
picture had been cued as compared to re-paired items when the picture had not been cued, r(115) 
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= .18, p = .04. After controlling for age, this relationship was attenuated but remained reliable, 
r(114) = .17, p = .05.  
Self-Reported Hearing. Self-reported hearing data was collected from both younger and 
older adult participants in Experiment 5 to afford a better understanding of any self-reported age 
differences in hearing ability in this sample. Specifically, because only older adults’ self-reported 
hearing data was collected and analyzed in the earlier experiments, it was important to obtain an 
estimate of younger adults’ responses to the same set of questions. Although none of the younger 
or older adults in Experiment 5 reported wearing a hearing aid, somewhat surprisingly, 11 
younger adults and three older adults reported using subtitles to watch TV. It is possible that 
younger and older adults use subtitles for different reasons. For example, younger adults may use 
subtitles because they have roommates, whereas older adults may use subtitles due to hearing 
differences, although one can only speculate at this point. Nevertheless, the results of this analy-
sis did not indicate that there were any age differences in self-reported hearing abilities which 
might account for the Age Group by Cue interaction observed in the standardized response la-
tency data in the first two experiments, ps > .47. 
Discussion 
There are several key findings from Experiment 5. First, the findings from the previous 
experiments are replicated here to a certain extent such that cued items were correctly recognized 
more quickly than uncued items. Second, the correlations between participants’ memory task-
related MW and their cueing effects were replicated. Specifically, participants who reported 
more memory task-related MW during the Shapes task produced a larger cuing effect and this 
pattern was not modulated by age. Because the most robust cueing effects in Experiment 5 were 
observed for the re-paired stimuli, as compared to the old stimuli, and more so for younger than 
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older adults, these results provide some preliminary evidence that the targeted memory reactiva-
tion cues may affect binding processes as compared to familiarity processes. This conclusion 
should be taken cautiously, however, given that the two-way Age by Cue and three-way Age by 
Cue by Item Type interactions did not reach significance.  
Again, the results indicate that the cueing effect is relatively small and inconsistent in ac-
curacy measures. Indeed, there was no cue effect in recognition accuracy in Experiment 5.  
General Discussion 
The primary aim of this dissertation was to investigate the nature of the relationship be-
tween MW and episodic memory in the context of healthy aging. The present studies explored 
two main issues: (1) whether MW serves a functional role, specifically in memory consolidation 
via post-encoding reactivation during offline states, and (2) whether there are age differences in 
the ability to reactivate episodic memories during MW and if this contributes to age-related de-
clines in episodic memory. Before turning to discussion of the results, it is important to again 
note the unique features of the experimental procedure implemented here.  
The available literature suggests there is evidence for the following observations: (a) 
Memory consolidation can take place in offline states (Wamsley, 2019); (b) MW during wakeful 
rest is associated with improved episodic memory (Brokaw et al., 2016; Varma et al., 2019); (c) 
Targeted memory reactivation during offline states promotes memory consolidation (Oudiette et 
al., 2013). In addition, pilot data suggested that there is a small but reliable correlation between 
MW, hippocampal volume, and episodic memory in healthy older adults. The experimental de-
sign of the current set of studies addressed several critical methodological issues in the available 
literature. First, no study to date included both younger and older adults to characterize the rela-
tionships among age, MW, and memory consolidation. Second, this is the first set of experiments 
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to include online thought probes during a wakeful rest period to better understand participants’ 
thought contents during a passive retention interval. Third, there have not been any targeted 
memory reactivation studies comparing younger and older adults, nor have any studies assessed 
the effect of targeted memory reactivation cues on younger and older adults’ thought contents. 
Finally, the current dissertation is unique such that it investigated the influence of targeted 
memory reactivation cues on both cued recall and recognition accuracy and, importantly, cued 
recall and recognition response latencies.  
Experiment 1 provided initial support for the hypothesis that reductions in MW propen-
sity may be associated with age-related declines in episodic memory due to differences in 
younger and older adults’ ability to reactivate cued traces during MW episodes. Specifically, 
there was a reliable Age Group by Cue interaction which indicated that younger adults produced 
facilitation in standardized correct recall response latencies for stimuli that were auditorily cued 
during the Shapes task, but there was no influence of the cues in the older adults. These results 
were interpreted as an indication that the auditory cues served to reactivate the picture/sound 
connection to the paired word, and that older adults were less likely to reactivate this connection 
than younger adults during the Shapes task. Furthermore, participants who reported more 
memory task-related MW during the Shapes task showed a larger cueing effect, which suggests 
that the cues modulated participants’ MW contents and in turn influenced their memory perfor-
mance. However, surprisingly, there was no cueing effect in recall accuracy for either the young 
adults or the older adults. 
In Experiment 2, as in Oudiette et al. (2013), participants were incentivized via monetary 
rewards based on their memory performance to potentially increase the importance of the cues. 
Indeed, the addition of the incentive instructions boosted younger, but not older, adults’ overall 
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recall performance, possibly due to the older adults being more financially stable. More im-
portantly, the results again indicated that younger adults produced a robust benefit from the audi-
tory cues in the standardized response latencies whereas there was no hint of an effect in the 
older adults, replicating the findings observed in Experiment 1. These results were again con-
sistent with the hypothesis that there is an age difference in the benefit from cues presented dur-
ing the Shapes task to reinstate the picture/sound connection with the paired word, which facili-
tates retrieval speed. It is also noteworthy that there was again a relationship between partici-
pants’ MW contents and the magnitude of the cueing effect. Specifically, participants who re-
ported more MW overall showed larger cueing effects.  
In both Experiments 1 and 2, the cues were presented auditorily and so it is possible that 
age-related hearing differences may have decreased the influence of the cues in the older adults. 
Although it is likely that the older adult participants had worse hearing than the younger adult 
participants, we believe that this does not account for the age differences in the standardized re-
sponse time cueing effects in both Experiments 1 and 2 for the following reasons: First, there 
was a built-in auditory check which included a designated time when participants could adjust 
the volume to a comfortable level. Second, analyses examining the relation between self-reported 
hearing abilities and the observed cueing effects yielded no evidence of such a relationship. 
Thus, age-related differences in hearing were unlikely the major factor driving the Age by Cue 
interaction in the standardized response latencies.  
In Experiment 3, the salience of the targeted memory reactivation cues was further in-
creased by eliminating the auditory cues, thereby decreasing the complexity of the tripartite 
memory trace (i.e., sound/picture-word) to a paired associate (picture-word) and re-presenting 
the actual pictures as cues during the Shapes task. Experiment 3 yielded the following 
 71 
observations: First, there was a robust cueing effect in standardized response times, and this now 
occurred for both younger and older adults. Hence, increasing the salience of the retrieval cue 
during the Shapes task was sufficient to facilitate the speed to retrieve the target even in older 
adults. Second, there was a relatively small effect of cue on recall accuracy that was only signifi-
cant for the older adults.  
In the first three experiments, a cue was always presented during the Shapes task. There-
fore, it is possible that the presence of the cues increased the likelihood of memory task-related 
MW reports. In Experiment 4, the targeted memory reactivation cues during the Shapes task 
were removed to directly examine their influence on thought probe responses during the Shapes 
task. The results from Experiment 4 are clear. Specifically, in comparison to the thought probe 
responses in Experiment 1 when cues were presented, participants’ memory task-related MW de-
creased considerably in Experiment 4, when the cues were eliminated. These results provided ev-
idence that the cues presented during the Shapes task promoted consolidation in the current para-
digm specifically by increasing memory task-related MW.  
Given that increasing the salience of the cues in Experiment 3 produced a cuing effect in 
both younger and older adults’ response latencies, Experiment 5 examined whether these effects 
would transfer to a pair-binding recognition paradigm. The pair-binding recognition test allowed 
for the examination of the influence of the cues on familiarity processes (recognition of old 
pairs) and the influence of the cues on the more recollective task of binding a specific picture 
with a specific word (re-paired stimuli). This task is ideally suited to examine age-related differ-
ences because there is considerable evidence that older adults show a localized deficit in their ac-
curacy of rejecting the re-paired items (Naveh-Benjamin, 2000). Hence, we examined whether 
the picture cues reduced the age-related deficit for the re-paired items. The results of Experiment 
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5 replicated the findings from the previous experiments such that cued items were correctly rec-
ognized more quickly than uncued items and participants’ memory task-related MW frequency 
predicted the magnitude of their cue effect. Planned comparisons indicated that the cueing effect 
was larger for re-paired than old items and for younger adults as compared to older adults, alt-
hough none of the higher order interactions approached significance.  
The observed age differences in standardized response time cuing effects have been taken 
as evidence that older adults may be less likely to engage in memory task-related MW than 
younger adults, thereby decreasing their sensitivity to the cues during the shapes task. Indeed, 
every experiment indicated that older adults reported being more on task (and MW less) during 
the Shapes task than younger adults, as shown in Table 11. However, when one considers the 
particular type of MW, specifically memory task-related MW, younger and older adults report 
relatively similar frequencies. Older adults’ decreased MW, compared to younger adults, oc-
curred primarily in their reports of MW unrelated to the current experiment. Thus, it appears that 
age differences in the cuing effect were likely due to the quality of the encoded traces, and not 
due to the likelihood of older adults thinking about the earlier list items, at least in the current 
paradigm. 
Across experiments, these results provide support for the hypothesis that reactivation of 
encoded information during MW episodes may serve as a mechanism of memory consolidation. 
Furthermore, at least with the more subtle auditory cues, it appeared that older adults were less 
likely to successfully reactivate encoded information as compared to younger adults, and this 
may have potentially contributed to their decreased episodic memory. The results from the first 
two experiments were interpreted within a retrieval facilitation framework wherein the cues 
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serve to reactivate the earlier traces, and this reactivation benefitted retrieval speed at recall for 
the cued stimuli as compared to the uncued stimuli.  
However, it is important to note an alternative interpretation of the consistent effect of 
cuing on the standardized response latencies. Specifically, one could argue that the cues pro-
duced a type of implicit priming due to repetition and hence increased the speed to recognize the 
cues during the memory test across experiments. This alternative account is contrasted with the 
hypothesized account which suggests that the cues presented during the Shapes task would reac-
tivate the trace from encoding, initiate replay of the trace, and thereby “grease the pathway” for 
faster and more accurate retrieval.  
There are several pieces of evidence, which speak against the repetition priming account: 
First, there is considerable evidence that older adults produce robust repetition priming and fa-
miliarity-based effects, compared to younger adults (see, for example, Balota et al., 2000; Millar 
et al., 2017). If the cuing effects were primarily due to repetition priming, then one would expect 
older adults to produce a cueing effect in response latencies. However, as shown in this disserta-
tion, this was not the case.  
Second, collapsing across the recall experiments which included cues during the Shapes 
task (i.e., Experiments 1, 2, and 3), there were significant correlations between memory task-re-
lated MW and several episodic memory performance measures, in addition to the magnitude of 
participants’ cueing effects. Specifically, as shown in Appendix D, memory task-related MW 
during the Shapes task was significantly correlated with the magnitude of the accuracy cueing 
effect, r(341) = .11, p = .03, total recall accuracy, r(341) = .15, p = .007, and, importantly, partic-
ipants’ WMS accuracy, r(341) = .12, p = .03. The correlation between memory task-related MW 
during the Shapes task and WMS accuracy is particularly important because it suggests that 
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memory task-related MW during the Shapes task is associated with episodic memory perfor-
mance for an unrelated task and unrelated set of stimuli (i.e., WMS)10. Specifically, if it were the 
case that participants were simply faster to respond at retrieval to cued stimuli as compared to 
uncued stimuli because of increased fluency with the cued object, then one would expect a rela-
tionship between memory task-related MW and standardized response time cue effect magnitude 
but not episodic memory performance on an unrelated task. Furthermore, the correlations be-
tween memory task-related MW, total accuracy, and WMS accuracy closely resemble the rela-
tionships examined in the Pilot Data section (specifically, the correlation between MW and the 
episodic memory composite score) suggesting that this relationship may generalize to other da-
tasets and contexts.  
Third, a supplementary experiment was conducted (see Appendix E) where the full pic-
ture-word pairs were presented as cues during the Shapes task in order to compare the efficacy of 
the partial cues (i.e., pictures in Experiment 3) to that of simply re-presenting the exact picture-
word pairs studied at encoding during the Shapes task. Overall, the results of Experiment 3 and 
the picture-word cue study were remarkably similar. Specifically, both studies showed a signifi-
cant main effect of Cue in recall accuracy (Experiment 3 cue effect = 2.48%, p = .02; supplemen-
tary picture-word cue experiment cue effect = 4.33%, p = .002) and there was no Cue by Experi-
ment interaction, p = .27. Similarly, both studies showed a significant main effect of Cue in cor-
rect recall standardized response times (Experiment 3 cue effect = 0.25, p < .001; supplementary 
picture-word cue experiment cue effect = 0.09, p = .003, see Appendix E). Interestingly, how-
ever, there was a significant Cue by Experiment interaction, F(1, 177) = 7.01, p = .009, η2 = .03, 
which indicated that there was actually a larger cue effect in correct recall standardized response 
 
10 Furthermore, these correlations persisted after controlling for age.  
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times in Experiment 3 than in the picture-word cue experiment (see cue effects reported in previ-
ous sentence). It is possible that this was due to participants being incentivized in Experiment 3 
but not in the picture-word cue study. Because the cueing effects across Experiment 3 and the 
supplementary picture-word cue study were quite similar, these results suggest that the mecha-
nism through which participants experienced a benefit of cue at retrieval is likely due to the cue 
reactivating the word which accompanied it at encoding (as participants do when presented with 
the exact picture-word cue in the supplementary study here). Therefore, the remarkable similarity 
in results across the picture cue study (Experiment 3) and the supplementary picture-word cue 
study provide evidence against the repetition priming account of the present results and in favor 
of the hypothesis that the targeted memory reactivation cues may trigger replay of the cued target 
pairs from encoding. 
A residual issue not addressed by the present dissertation, however, is whether replay via 
targeted reactivation is an explicit or implicit (i.e., conscious or unconscious) process. As de-
scribed in the Introduction, hippocampal replay studies have focused on observing cellular replay 
in rodents and hippocampal reactivation in humans. To date, these studies have not provided any 
insights regarding the thought contents (or level of awareness) that accompany these brain states. 
The current dissertation aimed to fill this gap in the literature by including targeted reactivation 
cues coupled with thought probes. Although these effects appear to be more explicit than implicit 
in nature, it is unclear under which circumstances, and to what degree of awareness, reactivation 
may occur in more general, everyday circumstances when participants are not strategically deliv-




The present studies are the first of their kind to directly test theoretical accounts which 
have arisen within the past few years. For example, Mildner and Tamir (2019) suggested that 
spontaneous thought (i.e., MW) may serve as an “unconstrained memory process.” The authors 
argued that memory and spontaneous thought are similar in terms of their contents and neural 
mechanisms and that the “mental infrastructure that supports memory also gives rise to spontane-
ous thought.” In the context of the present dissertation, not only were we able to directly test 
whether the contents of participants’ MW can benefit retrieval, but also that age differences in 
episodic memory, and its “infrastructure,” modulate this ability at least to some extent.  
Additionally, the fact that retrieval speed was more sensitive than accuracy to cueing ef-
fects in the present paradigm provides further insight into the nature of this reactivation. Because 
offline replay appears to benefit retrieval speed more so than accuracy, and younger adults pro-
duce a larger response time cueing effect than older adults, the implication here is that not only 
do age differences in episodic memory contribute to MW content and propensity, but partici-
pants’ ability to MW about episodic events further contributes to downstream effects on memory 
consolidation and retrieval. The theoretical interpretation here is that, because of their shared 
mechanistic underpinnings, the relationship between episodic memory and MW may be syner-
gistic, such that episodic memory drives the frequency and contents of MW, and MW may in 
turn influence episodic memory retrieval speed. 
As mentioned above and as shown in Appendix D, not only was MW correlated with cue-
ing effects, but it was also significantly correlated with performance on the unrelated WMS test. 
This speaks to the notion of “shared infrastructure” between episodic memory and MW such 
that, although one might expect a relationship between MW and cueing effects due to either 
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priming or the replay hypothesis, an overlap in underlying mechanisms would be necessary to 
explain the correlations between MW in the Shapes task and accuracy in an unrelated episodic 
memory test. Indeed, this claim is further bolstered by the results of the Pilot Data section which 
showed small but significant relationships between MW, an unrelated episodic memory compo-
site score, and hippocampal and MTL volumes. Ultimately, these results provide initial empirical 
support for the theoretical hypothesis put forth by Mildner and Tamir (2019) that, not only are 
episodic memory and MW associated with one another, but that they share a two-way street: epi-
sodic memory traces feed MW frequency and content, and MW drives offline, awake consolida-
tion and that may benefit later retrieval. 
An intriguing observation in the present results was that retrieval speed produced a more 
robust cueing effect than accuracy. This may suggest that in order for offline reactivation to be 
beneficial, it may be necessary for the traces to be sufficiently encoded. Indeed, it may be the 
case that the cues during the Shapes task only reactivated and facilitated retrieval for traces that 
already afford such retrieval. In contrast, for traces that are not well-established, offline replay 
triggered by the cues did not appear to be capable of reactivating the target (i.e., increasing accu-
racy for information that was not fully learned or encoded). This would also explain why one ob-
serves a larger standardized response time cueing effect for younger adults as compared to older 
adults. Indeed, if older adults are less successful at producing a robust trace at encoding, they 
should be less likely to benefit from the reactivation cues whereas younger adults are able to en-
code more robust traces that are susceptible to the benefits of offline replay, and thus show a 
large cueing effect in response times at retrieval. Ultimately, it is possible that age differences in 
episodic memory contribute to MW content and propensity, and participants’ MW about 
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episodic content further relates to memory consolidation and retrieval abilities later on. Never-
theless, it is still possible that one would find a different pattern in a non-speeded task.  
Finally, it is noteworthy that the relative lack of a cuing effect in the accuracy measures is 
consistent with the effectiveness of the Shapes task in producing a wakeful rest state. That is, 
participants reported that they were spending nearly 50% of their time thinking about the Shapes 
task, and hence, this is clearly different than a standard intentional learning situation. One would 
a priori expect that re-presentation of the picture cues or the full picture-word pairs (see supple-
mentary experiment) after a delay would significantly boost later memory performance due to 
the well-established benefits of spacing (Cepeda et al., 2006). A future study that simply re-pre-
sents the cues outside of the context of a wakeful rest/Shapes task, but with the same pseudoran-
dom timing intervals used here, would be a useful way to test this hypothesis.  
Limitations 
There are a number of important limitations which should be noted. First, although the 
results of the standardized response time data in Experiments 1 and 2 were quite clear in showing 
an age-related difference, post hoc analyses indicated that the cueing effect (albeit small) only 
appears in older adults’ recall accuracy in Experiment 3. One might question whether this miti-
gates the interpretation of the standardized response time findings. Further investigation is war-
ranted to better understand this perplexing aspect of the data. Possibly, a response deadline ap-
proach might uncover effects in accuracy performance.  
Second, because the presence of the cues during the Shapes task modulated the thought 
probe responses observed here (i.e., the comparison of the results from Experiment 1 and Experi-
ment 4), one might ask whether the frequency of memory task-related MW reported in these ex-
periments generalizes to real-world scenarios of offline thought and MW. However, the average 
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percentage of overall MW (i.e., combined experiment-unrelated MW and memory task-related 
MW; ~25%) and memory task-related MW (~54% of MW reports) reported across these experi-
ments closely approximates estimates of MW (~30%; Kane et al., 2007; Klinger & Cox, 1987; 
Killingsworth & Gilbert, 2010) and episodic MW (~60% of MW reports; Song & Wang, 2019) 
from studies which have used ecological momentary assessment to estimate thought content fre-
quencies in our everyday lives.  
Of course, attempting to study these effects in an experimental study bring about their 
own unique limitations as well. Specifically, one might be concerned whether there was suffi-
cient time in between the cues and probes presented during the Shapes task. It is also possible 
that this issue of the time between cues and probes might modulate the results11. In addition, it is 
possible that the targeted reactivation cues might produce a benefit on cued recall in a delayed 
test (see Roediger & Karpicke, 2006). Also, one might question whether testing a wakeful rest 
study in the context of an online experiment might differ from one run in a controlled laboratory 
setting, and whether participants were truthful in their responses to post-task questions. Future 
conceptual replications of this work using different tasks or methodological adjustments will ulti-
mately shed light on these issues.  
  
 
11 The possibility that the time between the cues and probes presented in the Shapes task influenced thought probe 
responses and later cueing effects was explored in a set of additional analyses. These analyses yielded the following 
results: (1) there was no difference in recall accuracy, t(639.70) = 0.15, p = .88, nor recall accuracy cueing effect, 
t(614.70) = 1.06, p = .29, for cues that were closer than the median distance between cues and probes presented 
during the Shapes task vs. farther than the median distance from probes, (2) there was no difference in correct recall 
standardized response latencies, t(509.40) = 0.83, p = .41, nor standardized response latency cueing effect, t(574.60) 
= 0.59, p = .56, for cues that were close vs. far from probes, and (3) although participants reported more memory 
task-related MW to probes that occurred close to cues as compared to far from cues, t(682) = 9.84, p < .001, d = 
0.75, participants still reported more memory task-related MW to the probes that were far from the cues in the 
experiments with cues as compared to the probes in the experiment which had no cues, t(427.60) = 8.87, p < .001, d 
= 0.67. See Appendix E for additional information.  
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Conclusions 
The present dissertation revealed several findings regarding the nature of the relationship 
between MW and episodic memory. First, it appears that MW and episodic memory are linked 
such that episodic MW may aid in episodic memory consolidation, specifically via trace replay. 
Second, older adults’ reduced MW propensity may contribute to age-related declines in episodic 
memory such that younger but not older adults benefited at retrieval from subtle auditory re-
minder cues. Only after the cues were made more salient, and the stimulus complexity was re-
duced, did older adults also show a benefit at retrieval. Importantly, there was evidence of a con-
sistent relationship between memory task-related MW and cued episodic memory performance 
across age groups, experiments, and datasets.  
Although the present dissertation certainly informs the aforementioned “scientific blind 
spot” noted by Gruberger et al. (2011), referencing the dearth of research investigating how MW 
interacts with other cognitive processes, further work is clearly warranted. Ultimately, however, 
the present dissertation suggests that MW may indeed serve the important role of allowing for 
offline replay of recently encoded information when we are awake but not presently encoding 
new information, and that this previously uninvestigated role of MW may help resolve the ten-
sion in the literature regarding the paradoxical result of reduced MW in older adults compared to 
younger adults (Maillet & Schacter, 2016). Importantly, the operations that occur as a result of 
this age-related decline in MW seem to be consistent with age deficits in episodic memory re-
trieval and potentially consolidation as well. 
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Condition Age Group N Uncued RT Cued RT RT Cue Effect 
Experiment 1 
Younger 55 2515 2355 160 
Older 60 3080 3071 9 
Experiment 2 Younger 60 2644 2342 302 
Older 58 3334 3363 -29 
Experiment 3 
Younger 54 2366 2149 217 
Older 56 3033 2551 482 
Experiment 4 Younger 60 2439 --- --- 
Older 60 3280 --- --- 
Experiment 5 
Old (Hits) 
Younger 60 1720 1716 4 
Older 57 1735 1690 45 
Re-paired (CRs) Younger 60 1776 1667 109 
Older 57 1711 1715 -4 
New (CRs) 
Younger 60 1731 --- --- 
Older 57 1694 --- --- 
Correct recall RT as a function of Age Group, Cue Status, and Experiment. RT Cue Effect is calculated by subtracting the Cued RT 
from the Uncued RT (RT Cue Effect = Uncued RT - Cued RT). 
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Appendix B 
Experiment Age Group N Retrieval During Shapes Distractions 
Wrote 
Down 
Experiment 1 Younger 60 30 5 0 Older 58 33 1 4 
Experiment 2 Younger 55 50 8 7 Older 60 51 1 6 
Experiment 3 Younger 54 43 11 6 Older 56 46 3 5 
Experiment 4 Younger 60 22 8 4 Older 60 25 5 1 
Experiment 5 
Younger 60 52 10 3 
Older 57 48 4 5 
Post-task questionnaire data for Experiments 1-5 as a function of Age Group. Analyses of Exper-
iment 1 data split by participants’ reports to whether they tried to retrieve the encoding infor-
mation during the Shapes task indicated that this did not change any of the reported findings. 
Participants who reported that they wrote things down during the experiment were removed and 
replaced before analysis. 
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Appendix C 
Experiment Age Group N Hearing Aid Subtitles Conversation Difficulty Experiment Difficulty 
Experiment 1 
Younger 60 --- --- --- --- 
Older 58 0 2 1.39 4.02 
Experiment 2 Younger 55 --- --- --- --- Older 60 1 0 1.56 3.73 
Experiment 3 
Younger 60 --- --- --- --- 
Older 60 --- --- --- --- 
Experiment 4 Younger 54 --- --- --- --- Older 56 0 4 1.86 4.17 
Experiment 5  
Younger 60 0 11 1.82 4.37 
Older 57 0 3 1.83 4.08 
Hearing questionnaire data for Experiments 1-5 as a function of Age Group. Removal of participants who reported using hearing aids 




Variable 1 2 3 4 5 6 
1. % On Task             
       
2. % Memory Task MW -.64**           
 [-.70, -.57]           
3. % MW -.57** -.27**         
 [-.64, -.49] [-.36, -.17]         
4. Accuracy Cue Effect -.09 .11* -.01       
 [-.20, .01] [.01, .22] [-.11, .10]       
5. zRT Cue Effect -.06 .09 -.02 .07     
 [-.17, .04] [-.02, .20] [-.12, .09] [-.04, .18]     
6. % Total Accuracy -.19** .15** .08 .15** .05   
 [-.29, -.09] [.04, .25] [-.02, .19] [.04, .25] [-.06, .16]   
7. % WMS Accuracy -.10 .12* -.01 .01 .05 .54** 
 [-.20, .01] [.01, .22] [-.11, .10] [-.09, .12] [-.06, .16] [.46, .61] 
Zero-order correlations between thought probe responses, cue effects, total cued recall accuracy, and WMS accuracy collapsing across 




  % Accuracy Correct zRTs 
Age Group N Uncued Cued Cue Effect Uncued Cued Cue Effect 
Younger 40 56.44 61.15 4.71 -0.012 -0.112 0.100 
Older 37 44.49 48.44 3.95 0.021 -0.067 0.088 
Recall performance as a function of Age Group and Cue Status for the supplemental picture-word cue experiment. Accuracy Cue 
Effect is calculated by subtracting the Uncued Accuracy from the Cued Accuracy (Accuracy Cue Effect = Cued Accuracy - Uncued 

















The possibility that the time between the cues and probes presented in the Shapes task influenced thought probe responses and later 
cueing effects was explored. Panel 1 displays recall accuracy as a function of Age Group, Experiment, and cue-probe proximity in the 
Shapes task (closer than the median distance between cues and probes vs. farther than the median distance between cues and probes). 
Panel 2 displays standardized response latencies as a function of Age Group, Experiment, and cue-probe proximity in the Shapes task. 
Panel 3 displays thought probe responses as a function of Age Group, Experiment, and cue-probe proximity in the Shapes task. Error 
bars represent 95% confidence intervals. 
